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Section I 
INTRODUCTION 
' .  
f 8  
The advent of t he  space s h u t t l e  produced the requirement a t  KASA, 
Marshall Space Fl ight  Center, f o r  a computer program t h a t  coilld be used as 
an ana lys i s  t o o l  t o  evaluate seve ra l  d i f f e r e n t  veh ic l e  configurat ions under 
various launch conditions.  
model in  the ROBOT ('I* computer program was des i r ed ,  w i t h  the a d d i t i o n a l  
c a p a b i l i t y  of moment-balanced, l i f t i n g  t r a j e c t o r i e s  i n  the  atmosphere irom 
launch t o  o r b i t a l  inject ioi i .  I n  addi t ion t o  the moment-balance, s eve ra l  
add i t iona l  c o n s t r a i n t s  were required t o  be me t  sach as: maximum dynamic 
pressure,  maximum qa and qB (product of dynamic pressure with angle-of-attack 
and s i d e s l i p  angle),  booster  flyback f u e l  requirements, and the ca l cu la t ion  of 
a c t u a l  payload r a t h e r  than i n j e c t e d  weight. A number of aiproaches have been 
taken t o  the  ascent t r a j e c t o r y  Optimization probLem, including: cal.culus of 
v a r i a t i o n s ( 2 ) ,  s te?peat  qescent ( 3 s 4 ) ,  min-H(') , gradient p ro jec t ion  (6,7,8) 
and conjugate gr::dient 
gradient  p ro jec t ion  methods as perhaps the  most powerful parameter opttmizntion 
tecbniques ava i l ab le  f o r  highly nonlinear systems 
s e l e c t i o n  of gradient  p ro jec t ioa  as the  optimization scheme i n  RAGMOP (Rccke? 
Ascent G-1imited.Moment-balanced Optimization Program). The d c s i r e  was a l s o ,  
of course, for  a program t h a t  w a s  as compact, last, and easy t o  use as possible .  
The r e s u l t i n g  program, RAGMOP, has the c a p a b i l i t y  of computing optimal engine 
burn-times, l i f t o f f  weight, l a u m h  azimuth, and polynomlsl-form attituGc! 
h i s t o r i e s  including the e f f e c t s  of atmospheric f l i g h t  from launch t o  z r b i t .  
s t a t i c  moment-balance scheme balances moments using t h r u s t  vector ing i n  all. 
s t a g e s  of the vehicle.  
intermediate and terminal, are ava i l ab le  as well as a widely v a r i a b l e  coritrol 
program. The program occupies less than 30K storage and converged l i f t i n g  
moment-balanced t r a j e c t o r y  runs have been obtained i n  less thar, 3 minuteo on a 
Univac 1108 with nominal "guess" t r a j e c t o r i c s  I n  e r r o r  as much as 560 meters/ 
s e c  i n  ve loc i ty ,  5 degrees i n  f l ight-path angle, and 176 km i n  radius a t  i n j ec t ion .  
A program with the soph i s t i ca t ion  of t h e  physical  
, 
The emergence i n  recent  years of accelerated 
(10#11,12913) led to the 
A 
A l a r g e  v a r i e t y  of c o n s t r a i n t s ,  equa l i ty  and irieuuality,  







T h i s  docunent Is arranged In tI1rtw p a r t s  plus  at1 npp+bndix. I'art I 
includes the l i r s t  €our Sect ions and may be considered an engineering manual 
Pa r t  11 is comprised of Sect ions V - V I 1 1  and serves  the  purposes of a 
programmers manual. ?art I11 is  made up of Section I X  and is suf f ic ie r rL  






Section V I  
Section VI1 
Section V I 1 1  
Section IX 
as a use r ' s  manual. The Appendices follow P a r t  111. 





P a r t  11 - Programmer'_s_Manual 
c--
Program Flow and Operation 
Sub r out  i n e  Des c1: i p  t ion  s 
Program Listing 
Variable Name Cross Reference 
Pa r t  I11 - User's Manual 
Input /Ou tpu t 
1-2 
. .  ... - 
Section II 
GENERAL DESC7IPTION 
2.1 GENERAL DESCRl PTION 
h 
The RAGMOP (Rocket Ascent G-limited Moment-Balanced Optimizatioii Program) . computer program ca lcu la t e s  t he  optimal valuer of a set of parameters which a f .  
f e c t  mult is tage rocket ascent t r a j e c t o r i e s .  -%e parameter optiinixation is per- 
formed using a search-accelerated gradient  pro jec t ion  technique, +hi& incl  sdes . 
the  capab i l i t y  of s a t i s f y i n g  a l a r g e  number of intermediate  a.id terminal con- 
s t r a i n t s  (end condi t ions) .  The f l e x i b i l i t y  and speed of :he prcgi- ,  corr:;ined 
with a highly sophis t ica ted  physical  model, make i t  I desirable t o o l  f o r  t h e  
ana lys i s  and design of space s h u t t l e  and o ther  ascent  rocket vehicles .  
addi t ion,  output opt ions include t ab le s  and p l o t s  which are s u i t a b l e  f o r  Feports. 
..A 
h 
2.2 PARAMETER OPTIMIZATION 
The parameter opt imizat ion scheme used by RAGMOP is  a search-accelerated 
gradient  pro jec t ion  method. This  method requi res  complete parameterization of 
a l l  cont ro l  va r i ab le s ,  and the  so lu t ion  obtained is therefore  optimum only t o  
the  degree a t t a i n a b l e  with the chosen parametric form. 
The cont ro l  parameters i n  RAGMOP descr ibe:  (1) t he  l i f t - o f f  weight of the  
vehicle ,  (2) the  durat ion of a number of engine burn times ( t h r u s t  events ) ,  
(3) t h e  launch azimuth, and (4) the  vehic le  p i t ch  and yaw a t t i t u d e  h i s t o r i e s .  
The vehic le  chi-pitch (x,) and chi-yaw ( x , )  a t t i t u d e  h i s t o r i e s  a r e  g i \ $  . 




+ bl ( t - to)  + b2(t- to)L and xy 0 
Separate polynomials are used f o r  each s t age ,  with 
order polynomial ava i l ab le  f o r  the  f i r s t  s t a g e  xp,  





curren t ly  up t o  a fourth- 
and second-order polynomials 
Rtages. The xp program F-OY 
be  continuous o r  d i scont i?ucw a t  s tag ing ,  while  t he  x 
tinuous. 
(See Sect ion I11 f o r  awe information concerning the  a t t i t u d e  cont ro l )  is evi- 
program is always con- Y 
The v a l i d i t y  of the polynomial form f o r  t he  xp and  x a t t i t u d e s  andlee Y 
2-1 
. .  . ., . 
denced by the c lose  agreement between polynomial farms and so lu t ions  obtained 
using v i i r ia t iona l  methods. 
In addition t o  the  optimized parametric f3rm x mentioned above, RASMOI' 
P 
a l s o  allows the  use of an angle-of-attack p r o f i l e  f o r  the p i t ch  a t t i t u d e  con- 
t r o l  of a por t ion  of t h e  f i r s t  s t a g e  i ght .  By t he  use 3f an inpct  f l a g ,  the  
user  may spec i fy  th ree  angle-of-attack con t ro l  opt ions:  (1) zero aerodynamic 
normal fo rce ,  ( 2 )  zero angle-of-attack, o r  (3) angle-of-attack as a funct ion 
of Mach number. 
t i l t -ove r  maneuver t o  s taging.  
end of t h e  l i f t - o f f  ( v e r t i c a l  rise) phase and the  beginning of angle-of-attack 
cont ro l  a t  some t i m e  spec i f i ed  by t h e  use i .  
timized polynomial x 
when anglz-of-attack cont ro l  is not  used. 
The angle  of a t t a c k  cont ro l  w i l l  be used from the  end of a 
The t i l t -ove r  w i l l  be  performed between the  
The t i l t -ove r  cons i s t s  of an op- 
con t ro l  program of t h e  same forrc as i n  t h e  complete s t age  
P 
Revision I adds the  capab i l i t y  of enforcing coordi.iat-d turns  duzing the  
f irst  s t a b ? .  E i ther  pos i t i ve  o r  negat ive angle-of-attack is used f o r  t h i s  
opt ion,  t he  a lgebra ic  s ign  determined separa te ly  f o r  each t h r u s t  event .  This 
opt ion may be useu s j m l t a n e o u s l y  with t h e  angle-of-attack opt ions mentioned 
above. 
2.3 'C)NSl RAlNTS 
RAGMOP i s  extremely f l e x i b l e  i n  terms of t h e  cons t r a in t s  -1lowed on the  
t r a j ec to ry .  
Table 2-1 lists t h e  equa l i ty  cons t r a in t s  ava i l ab le  i n  the program, which 
may be efiforced both a t  o r b i t a l  in jecr ion  and a t  eteging. In  addi t ion  t o  the 
equalicy cons t r a in t  dTable  2-1, t he  relative ve loc i ty  a t  s tag ing  may be used 
a s  a cutoff c r i t e r i a  f o r  t he  last t h r u s t  event OF t h e  f i r s t  s tage .  T + i s  cut-  
o f f  c r i te r ia  w i l l  be s a t i s f i e d  regerd less  of ;he r.ararneter values  ( i f  possi ' l le)  
and does not  en te r  i n t o  the  parameter update equations.  
A l e  av - i l a b l e  in RAGMOP are seve ra l  inequal i ty  cons t r a in t s ,  nma ly :  (1) 




: .  
! 
* .  
r - 
E 
Tibe qc and qd constr  ' . I t s  are enforced by reducing a ar.d/or E t o  produce 
the maximum acceptable values whenever they are exceeded. This r e s u l t s  i n  
temporariLy overr iding the  x polynomials u n t i l  such t i m e  as the  
1 1  and q2 produced by t he  polynomials is acceptable. 
and/or x P Y 
Table 2-1. CONSTRAINT CODES 
The codes contained i n  t h i s  table are input i n t o  KCDPHI r'rd KCDRES t o  
designate the payoff and t h e  intermediate  and terminal c o n s t r a i n t s  des i r ed  
for the trajectory. 
then he inpur In to  PSTREO and PSTRST. 
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CONSTRAINT OR PAYOFF 
Payload 
I n e r t i a l  v e l o c i t y  




I n e r t i a l  longitude 
I n e r t i a l  heading angle  (+ F a s t  from South 
Colat i tude 
Inc l ina t ion  
Line of modes 
Semi-latus rectum 
Eccent r i d  t y 
Total burn time 
Maximum dynamic pressure 
True anomaly 
Argument of perigee 
Reserved f o r  f u t u r e  use 
Reserved f o r  fu tu re  use 
Flyback ranae 
- -- 
The accelerat ion ( 8 )  limiting can be enforced in two ways: (1) continuous 
t h r o t t l i n g  may be employed to  "ride" the g-limit, i f  t h e  a c t u a l  veh ic l e  engines 
allow t h i s ,  o r  (2) d i s c r e t e  t h r o t t l i n g  (shut t ing dawn one or more engines or 
redwing  the outpllt of a l l  engines In d i s c r e t e  amount!) may be used. 






b .  
' \  
i n  V h e ,  a t  which t i m e  a gradu 1 continuor 
i 
reduction of t h rus t  is ;icctwpl islid 
u n t i l  the  era of the t h r u s t  event. Discrete t h r o t t l i n g  is accoIpplisIit4 hv i a i -  
t i a t i n g  a new t h r u s t  event with a lover f ixed (except f o r  the e x i t  pl;tnc* ~ I X - S -  
sure diffarence)  t h rus t  whenever the desired acce le ra t ion  l i m i t  is reat-hcd. 
The fol loving t h r u s t  event w i l l  begin with an acce le ra t ion  less than the limited 
v a l u e ,  w i t h  the  acceleratioi ,  increasing with time u n t i l  its l i m i t  or another 
t h r u s t  event cutoff criteria is reached t o  begin t h e  next t h r u s t  event ( s e e  
Section LX f o r  a more complete explanation of t h r u s t  events).  
2.4 PHY SKAL MODEL 
The physical model employed in B A W P  has been designed t o  be as realis- 
t i c  as possible  and yet  allav t h e  program to  remain within t h e  attempted goals  
of 33K s to rage  and 3 minute run t i m e .  The r e s u l t  is a highly soph i s t i ca t ed  
t r a j e c t o r y  model which provides t h e  user with a number of opt ions in  s e t t i n g  
up t h e  t r a j e c t o r y  run. 
The geophysical model presents  the opt ions of a sphe r i ca l  o r  ob la t e ,  ro- 
t a t i n g  or nonrotat ing e a r t h  wi th  a tabulated Pa t r i ck  Reference Atmosphere (1963 
version) and the a b i l i t y  to  specify input wind d i r e c t i o n s  and speeds as a l t i -  
tude lunctions.  This last option all- the  program t o  b i a s  the t r a j e c t o r y  
p r o f i l e  t o  e i t h e r  take advantage o f ,  or to  minimize the l o s s e s  from, winds at 
various a1 t i tudes.  
RACNOP also provides the user with t h e  opt ion of t h r u s t  vector ing t o  pru- 
duce zero t o t a l  moment on the  vehicle.  A two engine equivalent t h rus t  mc)dc.l 
centered around the a c t u a l  vehicle  t h r u s t  cen t ro id  is used t o  reduce t l i c  w m -  
putat ion t i m e  required f o r  t h i s  option. 
ance aerodynamic mmects using small  angle approximations r e s u l t i n g  i n  neg1 i -  
g i b l e  e r r o r  for  small gimbal angles. 
form of s l i g h t l y  unbalanced moments (lass than about 1-1/2 percent e r r o r  for 
gimbal angles of 10 degrees). Re- 
fer to  Section 111 and Appendix C f o r  a complete discussion cf  t h e  moment bal- 
ance scheme. 
Thrust components a r e  computctl t o  bat- 
The error, such as i t  is, w i l l  be in the 









2.5 OUTPUT OPTIONS 
RAGNOP inc ludes  two s p e c i a l  output  b:ibroutines w h i c h  providtb t h c ’  I~: .L.I -  .a 
set of t a b l e s  and/or  p l o t s  summarizing t h e  converged t r a j e c t o r y  (solution). 
The t ab l e s ,  which use a fixed format, and the  p l o t s ,  are s u i t a b l e  f o r  publi-  
ca t ion .  The ou:put p l o t s  are produced on t h e  CaLCOHY p l o t t e r ,  and the re fo re  
use of this option is r e s t r i c t e d  t o  systems which have the CALCOMP p l o t t e r  
ava i lab le .  Plots are produced for any va r i ab le  versus any o t h e r ,  in any u n i t s  
t he  user desires. 
Figure 2-1 presents  a macro-flow diagram of t h e  RAGHOP computer program. 









Figure 2-1. RAGMOP GENERAL FLOW DIAGRAM 
1 
, 
* i  
3 
2-6 k-. 




: .! DISCUSSION 
The RAGMOP computer program is 
tzp t i m i  za t i o n  problem including the  
designed t o  solve the  
e f f e c t s  of t r a j e c t o r y  
rocket ascent 
shaping, engine burn 
times, l i f t o f f  weight, and launch azimuth. The optimization i s  performed 
(.abject t o  a number of c o n s t r a i n t s  both during and a t  the end of the t r a j ec to ry .  
. n order  t o  perform t h i s  funct ion,  three main requirements have been satis- 
. i e d  by the  computer program; (1) a p h j s i c a l  mode1 has been programmed i n t o  
t h e  equations of motion which represents  t h e  a c t u a l  f l i g h t  of t he  vehicle  as 
c lose ly  as possible ,  (2) t he  optimization method attempts t o  be r ap id  i n  
terms of computer t i m e  without unnecessarily r e s t r i c t i n g  the physical  model, 
and (3) t h e  scheme used t o  i n t e g r a t e  the equations of motion is rap id  and 
f l e x i b l e  with a minimum amount of e r r o r  i n  the  in t eg ra t ion .  This s ec t ion  
presents  a d e t a i l e d  desc r ip t ion  of the  th ree  areas j u s t  mentioned. 
3.2 PHYSICAL MODEL 
The R A m P  computer program has been designed t o  include as soph i s t i ca t ed  
a ;:hysicai model as possible  subject  t o  the  computer run t i m e  and storage goals  
of t h r e e  minutes and 32k, respect ively.  A three-dimensional t r a j e c t o r y  model 
WK th a s t a t i c  moment balance is used with tabulated atmospheric, aerodynamic, 
arld center-of-gravity data.  
l a t e d  Pa t r i ck  Reference Atmosphere (1963) and input  wind t a b l e s  which allow 
wind d i r e c t f i -  and speed t o  be spec i f i ed  a t  up t o  25 a l t i t u d e s .  
da t a  is . - s o  spl ine- interpolated* and is  input f o r  both s t ages  i n  t h e  form of 
fo rce  dnd moment c o e f f i c i e n t s  and t h e i r  angle-of-attack o r  s i d e s l i p  angle 
dr i v a t i v e s ,  at up t o  25 Mach numbers. 
a tmephere  and an ob la t e  (Fischer e l l i p s o i d )  g r a v i t a t i o n a l  model. A complete 
desc r ip t ion  of the force and moment equations and t h e  computation of t h e i r  
coreponent p a r t s  is presented I n  the following paragraphs. 
The atmosphere model includes a spline-interpo- 
Aerodynamic 
The e a r t h  model includes 8 r o t a t i n g  
I 








3.2.) Generalized Equations of Motion 
The equations of motion i n  any i n e r t i a l  reference frame are: 
t t t  




X is a three-dimensional pos i t i on  vec to r ,  
F is the t o t a l  fo rce  a c t i n g  on the veh ic l e ,  
m is the instantaneous mass of the veh ic l e ,  
-+ 
and 
t is t i m e  measured from some reference t i m e  t=O. 
The moment equation used f o r  the s ta t ic  (3D) moment balance is: 
where 
-+ 
M is the t o t a l  moment ac t ing  on the  veh ic l e ,  
MA is the  total  aerodynamic moment, 
-+ 
and . 
$ is the t o t a l  t h r u s t  moment, 
3.2.2 Coordinate Systems 
Several coordinate systems are used i n  t h e  RAGMOP computer program, and 




changing from one system t o  another; is e s s e n t i a l  t o  a thorough comprehension 
of t he  equations of motion. The f i v e  coordinate  systems used in RAGblOP are; 
(1) the  equa to r i a l  inertial system (2) t he  launch plumbline i n e r t i a l  system, 
(3) the  sphe r i ca l  geocentr ic  system, (4) the body axis system, and ( 5 )  t he  
r e l a t i v e  ve loc i ty  system. 
3.2.2.1 Equatorial  Lne r t i a l  System. The bas i c  reference coordinate  system 
i n  RAGMOP is the  equa to r i a l  i n e r t i a l  geocentr ic  Car tes ian  coordinate  system 
shown i n  Fig. 3-1. 
)i and Z-axes in t h e  equator ia l  plane, and the  2 a x i s  contained i n  the longi- 
tud ina l  plane of the  launch site. 
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Figure 3-1. EQUATORIAL INERTIAL COORDINATE SYSTEM X V 2. 
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3 . 2 . 2 . 2  Launch I n e r t i a l  Plumbline Coordinate System. The launch i n e r t i a l  
plumbline coordinate system is t h e  system from which t h e  xp and x a t t i t u d e  
angles  are defined and i n  which t h e  equat ions of motion are wr i t t en .  The 
y axis of t h i s  system is p a r a l l e l  t o  t h e  launch s i te  g rav i ty  vec to r  (plumb- 
l i n e )  bu t ,  fo r  an o b l a t e  e a r t h ,  does not  pass  d i r e c t l y  through t h e  launch 
si te.  The x axis is pointed i n  t h e  d i r e c t i o n  of the  launch azimuth, and t h e  
z axis forms a r ight-hand system. The origin of the  xyz system is at the  
cen te r  of t he  ear th .  
Y 
Figure 3-2. LAUNCH PLUMBLINE INERTIAL COORDINATE SYSTEM X Y Z 
3.2.2.3 Spherical  Geocentric Polar  Coordinate System. The epher lca l  
geocent r ic  po lar  coordinate  system moves wi th  the  vehic le .  
of t h i s  3eocentr lc  system po in t  i n  the  d i r e c t i o n s  of increas ing  4 ,  r and 8, 
respec t ive ly ,  where $ is measured from t h e  equa to r i a l  inertial Z a x i s  t o  the  
A L A  




b '  
* .  
' \  
L 
n 
plane corttaining r and the equa to r i a l  iner t ia l  Y axls, and 0 is measured from 
the equa to r i a l  iner t ia l  Y axis t o  t he  r vector.  (See Figure 3-3). 
.) 
Y 
A I )  r 
~ -~ ~-~ ~~ ~ ~ ~- 
* * A  
Figure 3-3. GEOCENTRIC SPHERICAL COORDINATE SYSTEM 4 r e 
3.2.2.4. Body Axis Coordinate System. The body axis coordinate system, shown 
i n  Figure 3-4, is  the system i n  which t h e  aerodynamic and  t h r u s t  forces  and 
moments are calculated.  The forces  are then transformed i n t o  t h e  launch 
ine r t i a l  plumbline system t o  determine acce lera t ions  f o r  i n t eg ra t ion  i n  the  
equations of motion. The body axis system is defined with t h e  X ' , Y ' ,  and Z '  
axes such tha t  the vehicle  longi tudina l  axis is  p a r a l l e l  t o  t h e  Y' ax i s ,  the 
X' axis is  p o s i t i v e  "downward" with respect  to  t h e  vehic le ,  and t h e  Z'axis 
poin ts  In  the  d i r ec t ion  of t h e  r i g h t  wing. 
pad, the veh ic l e  X', Y', and 2' axis are p a r a l l e l  t o  the  launch i n e r t i a l  








plumbline x, y, and z axes. The o r i g i n  of t h i s  system may be placed anywhere 
!n the x-y plane, provided t h a t  a l l  input  d a t a  f o r  t he  aerodynamics, engine 
gimbal pos i t ions ,  and center  of grav i ty  loca t ions  are cons is ten t .  
a l s o  Sect ion I X ,  INPUT/OUTPUT) . 
(See 
INPUT BODY COORDINATE SYSTEM 
Figure 3-4. BODY A X I S  COORDINATE SYSTEM 
Note t h a t  for input purposes only,  the  body axis system is as shown I n  
Input  d a t a  uses t h e  input  body coordinate  system. the  i n s e r t  of Figure 3-4. 
The equations of motion USE: t h e  x 'y 'z '  sys tem described above. 
converted i n  the input  subroutine).  
(Data is 
3.2.2.5 Relat ive Velocity Coordinate System. The r e l a t i v e  ve loc i ty  coordinate 
s y s t e m  is used whenever coordinated turns  are spec i f i ed  f o r  t he  RAGMOP trajec- 
tory (see paragraph 3.2.6.2). This  nonorthogonal coordinate  sys tem allows the  
use of simple r e l a t ionsh ips  f o r  the  aerodynamic and t h r u s t  forces  on the vehic le ,  
r e su l t i ng  i n  a savings of computer t i m e  when t h e  coordinated tu rn  opt ion is used. 
The Coordinate syetem is defined by the plane of t h e  r e l a t i v e  ve loc i ty  vector  
(V,) and the  vehic le  longi tudina l  axis (y'). 
which a re  not  general ly  orthogonal,  are ueed t o  spec i iy  the  €orces  i n  t h e  plane, 
which a re  the only aerodynamic o r  t h r u s t  lorces on the  vehic le  when w i n g  co- 
ordinated turns .  When t h i s  system is used, t h e  unit  vectors  of the  body a x i s  




system are computed i n  terms of tho, i n e r t i a l  plumbline u n i t  vectors ,  from which 
the  iner t ia l  a t t i t u d e  angles x x and xg are found. 
P Y  
3.2.2.6 Transformations. 
i n t o  any other  coordinate system by premult ipl icat ion wi th  t h e  proper t rans-  
formation matrix. This transformation can b e  performed as: 
A vector  in any coordinate system may be transformed 
-b x' = PX' where 
-b 
x' is a vector  i n  the  x 'y 'z '  coordinate system, 
x is a vector  i n  the  xsy9z ,  coordinate system, 
and A is the matrix which transforme x i n t o  x ' ,  i.e. the matrix t h a t  computes 
the components of x i n  x'y'z' so t h a t  x can be rewritten as g' (t and x' are 
the  same vecsor s i n c e  transformation does no t  change t h e  vector ,  but only the  
coordinate system i n  whic'l it is wri t ten) .*  
-b 
-+ + 
+ + -c 
Equatorial  I n e r t f  a1 t o  Launch Plunbline I n e r t i a l .  The launch plumbline 
i n e r t i a l  system is  obtained from t h e  e q u a t o r i a l  i n e r t i a l  system by f i r s t  
r o t a t i n g  about the e q u a t o r i a l  inertial  X axis an angle, 
and then about the y axis (formed from t h a t  ro t a t ion )  an angle, Q = 
90"). 
t he  launch plumbline i n e r t i a l  xyz system I s ,  then*: 
- latlaunch site'  
- ' %unch - 
The transformation matrix from t h e  e q u a t o r i a l  i n e r t i a l  XYZ system t o  
cos(90-Az) 0 -sin(90-Az) 
0 1 
sin(90-Az) 0 cos (90-Az) 
1 0 0 
0 cos0 s in0  
0 -sin0 cos0 
(noting tha t  s in(90-lat)  = c o s ( l a t ) ,  cos(90-lat) = s in (1a t )  , sin(90-Az) = 
cos Az, and cos(90-Az) = s i n  Az). 
. 
s i n  Az s i n e  cos Az -cos Az 
cos e -sin0 
Az s i n 0  s i n  Az cos0 s i n  Az - 
*See A p p e n d b  A for  furthsr information on ooordinata transformations. 
3-7 
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where l a t  = geodetic l a t i t u d e  of the  launch s i t e  and Az = launch azimuth. 
This transformation i s  used f o r  computing the  e a r t h  r o t a t i o n a l  and 
g r a v i t a t i u z a l  acce le ra t ion  components i n  t h e  launch plumbline sys t em from 
the e q u a t o r i a l  system. The reverse transformation uses the transpose of the 
above matrix,  Axx 0 
Body Axis t o  Lauach Plumbline I n e r t i a l  System. The a t t i t u d e  angles chi- 
p i t c h  (x ) and chi-yaw ( 
respect to  the launch plumbline system. 
f i r s t  r o t a t i n g  about the launch p l m b l i n e  z a x i s  the angle  -xp, and then 
ro t a t ing  about the vehicle  x' axis t h e  angle 5. 
forces  on the vehicle  are determined i n  the  body ax i s  system, b u t  t h e i r  
r e s u l t a n t  acce le ra t ions  (added to  the g r a v i t a t i o n a l  a c c e l e r a t i o d  are in t eg ra t ed  
i n  the  launch plumbline system, the transformation matrix from t h e  body a x i s  
system t o  the launch plumbline system Is required. 
t h a t  the transformation involves f i r s t  r o t a t i n g  about t h e  body x' a x i s  an 
and then about t he  launch plumbline z axis an angle x so t h a t ,  angle -5 
from the  body axis x'y'z'  system t o  the launch plumbline xyz system we have: 
) descr ibe the  o r i e n t a t i o n  of the vehicle  with 
P 3 
The vehicle  a t t i t u d e  is obtained by 
Since,  t h r u s t  and aerodynamic 
This i s  found by not ing 
P 
I . 
s i n  x 
P 1 
! 
-5 * 5 : Noting t h a t  cos - x,, 5 cos x,, and sin 
s in  xp cos xy -sin xp s i n  
\ t x  = [-sin xp cos xp cos 5 -cos xp s i n  
Equator ia l  Iner t ia l  t o  Spherical  Geocentric Polar  Coordinate System. The 
P cos x 
cos 5 0 s i n  5 
use of the sphe r i ca l  geocentr ic  po la r  coordinate system makes the determination 
of a number of parameters more convenient, hence the  transformation matrices 
1 
3-8 
from the   stem t o  the equa to r i a l  and v i ce  versa  are necessary.  
geocentr ic  po la r  sys tem is obtained by r o t a t i n g  f i r s t  around the Y ax i s  an 
angle 9 and then about the 9 axis and angle e, so tha t :  
The sphe r i ca l  
n 
AX P :os0 ‘in.] 
-sine cos0 
3 
s i n $  .- 
Note, however, ( see  Figure 3-3) tha t :  
Y X 
r ’  cos0 = - tan 4 - z , 
.I x2 + z2 \rx2;-22rr s i n e ,  so t ha t  s i n  = 1 
X s inb  = - r s ine  =* ’ 
and 
so t h a t  
Z 





r J 7 7  





I L Z  
-sin$ 1 
r 7- X + Z  I 
-J 
A T 
$ t o  X is accomplished using* A = [AXQ] . QX 
Launch Plumbline t o  Spherical  Geocentric Polar  Coordinates, The t rans-  
formation from t h e  launch plumbllne system t o  t h e  sphe r i ca l  geocentr ic  po lar  
coordinate system can be  obtained by f i r s t  transforming t o  the  equator la1  
i n e r t i a l  system and then to  t h e  sphe r i ca l  system, eo t h a t  
Correction page for page 3-9 
i 
"g . l ' i  
! 
i 
. . !  
I 
' t  
, .  
1 
.* 
The above matrix product y i e lds  ( l e t t i n g  A denote % and D denote X ) :  
X4 
D1 = (A22Z-A32Y) / m i n e  
E21 = (A32X-A12Z)/rsine 
D31 = ( L ~ ~ ~ X - A ~ ~ X )  / rs in8 
.. x 
t -  
D12 r 
D,2 = - 
r 
D3* = - 2
r 
D13 = (D12cos0-A12) /sine 
= (D22cos0-A22) /sin0 
D2 3 
D33 = (D32cose-A32) /sin0 
8.A- 
The transformation from $re t o  xyz (p lmbl ine )  is accomplished using Lhe 
PI 1 transpose of the above matrix; [Axg] . 
2.2.3 Forces and Accelerations 
The forces acting on the vehicle  i n  the RAGMOP simulation are the 
th rus t ,  aerodynamic, ar. g rav i t a t iona l  forces. The aex -4ynamic and th rus t  
forces are computed i n  the  body axis system and then transformed Lo the  
launch plumbline system wherein the accelerationn are added t o  +he g r a v i t a t i o t d  
acceleration components fo r  i n t eg ra t ion  i n  t h e  equations of m 0 t i . m .  
3.2.3.1 Aerodynamic Forces. 
the ax ia l ,  normal, and s ide  forces. These forces are found by determining 
the proper a x i a l ,  normal, and s i d e  force coe f f i c i en t s  fo r  the vehicle a t  the 
current Mach number, and then mi , t ip lying these coefficient.8 by the product 
of the dynamic pressure (Q - 1 / 2  p V 
( S ) ,  such " - +  
The aerodynamic forces act ing on the vehicle are 




T * [ ] denotes matrix transponse. 
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F = = c  lu;IALP*s' 
AERoAXIAL 
q*s. The axial force is pos i t i ve  a f t  (-y'), t e 
i+ 'SIDE AEROsIM 
and F 
noma1 force pos i t i ve  upward cw the vehicle  (-x') and the  s i d e  force pos i t ive  
toward the r f s h t  wing (+z'). 
the Mach number and angle-of-attack or s i d e s l i p  angle by means of a sp l ine  
interpolat ion* :n t he  input aerodynaslic coef f ic ien t  tables. 
c a e f f i d e n t s  on angle-of-attack ( a )  or s i d e s l i p  angle (8) is assumed l i n e a r  
ai. each Mach number, thus: 
The aerodynamic coe f f i c i en t s  are determined from 
The dependence of 
CsIDE = cPs 
The axial aerodynamic Eorce is also af fec ted  by t he  base drag term, which is 
deter,.ined using a linear in te rpola t ion  t ab le  lookup from t he  input  tab les  of 
base axial force  and a l t i t u d e .  Thus 
= F(ALT1TUDE) FBASE 
(The negative s ign  is  used s ince the  'AXIAL Qs - F~~~ and then Fmm AXIAL 
axial force (drag) and the  base pressure force are oppmite  i n  d i rec t ion .  
w i l l  be subtracted from t h e  y' t h rus t  component The F AEROmAL 





* See Appendix B 
t -  
a -  
f c  ' 
aerc:ynamic forces i n  the  body axis x'y 'z '  system are: 
ftrrther infomc L :on 
' !  




T h e s e  forces are t ransforned i n t o  the  launch plumbline system ushg tlrc 





The Mach nuher used i n  t h e  s p l i n e  in t e rpo la t ion  lookup cqf t h e  aerodynamic 
c o e f f i c i e n t s  is found by: 
H = VR/a 
where VR = relative veloc i ty  (ve loc i ty  of vehic le  with respec t  t o  t h e  
and 
The r e l a t ionsh ip  between t h e  r e l a t i v e  ve loc i ty  vector  and t h e  body axis 
atmosphere) 
atmosphere rout ine  PRA63 
a = speed of sound a t  cur ren t  a l t i t u d e  from the  sp l ine- in te rpola ted  
system determines t h e  angle-of-attack and sideslip angle of the veh ic l e  









b *  . 
I 
J .  
a e- 
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. ,  
c 
I '  
The r e l a t i v e  ve loc i ty  VR is cauputed as t he  d i f fe rence  between t h e  plurb- 
l ine  i n e r t i a l  ve loc i ty  and the  transformed ve loc i ty  required by an ohject i n  
order to remain over a given point  on t h e  r o t a t i c g  e a r t h  (at the same a l t i t u d e  
as the vehfc',e! plus  the  wind a t  the  current  altitude. T h i s  results in  
where 
(w,u,v> are the relative ve loc i ty  components i n  the  plumbline system, 
(w,u,v) are the  a c t u a l  i n e r t i a l  ve loc i  y components of t h e  vehicle  i n  
the  plumbline system, 
(a22z-a32y) Re, (a32x-ayz) Re, and (al2y-aZ2x) R 
velocity components i n  the  plumbline system required t o  remain s t a t i o n a r y  
over t h e  subpoint on the r o t a t i n g  ear th .  
are the  i n e r t i a l  e 
D = A (see Paragraph 3.2.2.6), 
A is  t he  wind azimuth (+ CW from north) 




U x r 
E is a u n i t  vector i n  t h e  east d i r ec t ion  16 x 
N is a u n i t  vector  i n  the  north d i r ec t ion  (G x i) 
The relative ve loc i ty  VR is then equal  to: 
VR =+- 
The dynamic pressure Q is obtained from the  re la t ion :  
Q = 112 P ( V R l 2  
where 
o = atmospheric dens i ty  from t h e  spl ine- interpolated Pa t r i ck  1963 atmospherv 
rout ine.  
VR = re lat ive ve loc i ty  descrfbed above. 
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3 . 2 . 3 . 3  'illrust Forces. Thrust  fo rces  i n  RAGMOP are computed i n  two ways;  
(1) ttic SRM t h r u s t  is based on input values of sea l eve l  t h r u s t  corrected 
i o r  the ;itmosphcric pressure at the  cur ren t  a l t i t u d e ,  ( 2 )  t he  1 iqu id  cwgiiic* 
th rus t  is b a s c d  on vacuum t h r u s t  corrected f o r  cur ren t  atmospheric prvssurc. 
Ttlc thrust ca l cu la t ion  for the  SRM's is as follows: 
where 
T = total t h rus t  ava i l ab le ,  
= sea l e v e l  t h r u s t  per  SRM engine from spl ine- interpolated t a b l e s  TSL 
psL 
% = exit area per  engine, 
= sea level s ta t ic  pressure,  
= ambient pressure a t  cu r ren t  a l t i t u d e ,  
and 
N = number of SRM engines used f o r  the cu r ren t  t h r u s t  event. ENC 
 he l i q u i d  engine t h r u s t  ca l cu la t ion  u t i l i z e s  input values I ur v;iruum 
t h r u s t  and c o r r e c t s  f o r  the e x i t  plane pressure d i f f e r e n t i a l :  
where 
= vacuum t h r u s t  per  engine 
5 A C  
Acceleration-Limited Thrust. Two methods exFst in RAGMOP f o r  l i m i t i n g  
the  acce le ra t ion  of the vehicle  (g-limit). One method ava i l ab le  is t o  simply 
c rea t e  a new t h r u s t  event any time the  acce le ra t ion  reaches t h e  des i r4-d I im- 
i t i n g  value. The new t h r u s t  event cilii have fewer enginer, o r  ;]I I c i ig inw 
operating a t  a reduced t h r u s t  l eve l .  The second method uLi l i zes  ciont iiiuow. 
t h r o t t l i n g  t o  hold the  acce le ra t ion  a t  t he  l imi t ed  value. The approximat i o i i  
3-14 
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' .  I 
is made t h a t  t he  acce le ra t ion  of t h e  veh ic l e  due t o  the t h r u s t  force above w i l l  
be equal t o  t h e  t o t a l  accelerat ion.  
sys tem,  
Thus, Ln the x l y ' z l  body axis c o o r u l w t c  
g l i m i t  T=- m if > g1imit 
i 
= maxhum acceptable long i tud ina l  accelc r a t i o n ,  l i m i t  where g 
m = instantaneous mass of the  .vehicle, and 
T = t o t a l  veh ic l e  t h rus t .  
Ju order  t o  enforce t h e  continuous t h r o t t l i n g  g-limit cons t r a in t ,  t he  value of 
the t h r u s t  acce le ra t ion  is checked by the  in t eg ra t ion  package un t i l  the l i m i t  
is reacl-ed. 
occurs* and then e i t h e r  performs t h r u s t  event i n i t i a t i o n  (discrete:  o r  s t e p  
t h r o t t l i n g )  o r  begins continuous t h r o t t l i n g  as described above. 
the SRM booster ,  only the main ( l i qu id )  cngines are t h r o t t l e d  unless  a l l  
engines are used i n  the  moment balance (SRM's and main engines). 
3.2.3.3 Accelerations. The t o t a l  acce le ra t ion  components i n  the  launch plumb- 
line inertial coordinate system are simply 
The in t eg ra t ion  package i s o l a t e s  on the exact  time t h a t  g-limit 




Y = Z + g y  
+ gz 2 s -  m 
re th t o t a l  fo rces  on the  vehi l e  due t o  t h r u s t  and aero- 
dynamics and g, g , g, are the  g r a v i t a t i o n a l  acce le ra t ions  I n  the launch 
plumbline coordinate sys tem (see Paragraph 3 . 2 . 4 ) .  
t i o n s  w e  ob ta in  (where Ax*, comes from Paragraph 3.2.2.6) 
Y 
Expanding the  above equa- 
[ l a  
*See Paragraph 3.4  for 
Txi - 
T I - F  
Y AERoAXIAL 
T Z 1  + F~~~~ 
+ 
vre  infonnatwn c- . icer 
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Note t h a t  F and F are pos i t i ve  i n  the  negat ive x' and y '  ! 
i A E R o ~ ~ ~ ~  AERoAxIAL I 
i d i r ec t ions ,  respect ively.  
,! 
I 
3.2.4 Mass Calculation 
The instantaneous mass of t he  veh ic l e  m u s t  be ham in  o rde r  t o  calcuiate 
the acce lera t ions  i n  the  i n e r t i a l  reference frame. 
j e t t i soned  must be known i n  order  t o  perform t h e  mass ca lcu la t ion .  
l i qu id  engines is in tegra ted  whereas SRM f u e l  overboard is determined using a 
spl ine- lntcrpolotcd t a b l e  lookup. The Jc t t l twn  wclglrts ;Ice cliwcrctc wc*Iglrt 
drops t h a t  can occur only a t  tlic cnd of m y  t h r u s t  event. This is necessary 
since a weight j e t t i s o n  produces d i s c o n t i n u i t i e s  i n  tho state der iva t ives  and 
t h e  i n t eg ra t ion  scheme m u s t  "restart" when va r i ab le  s t e p  methods are used. 
Fuel expended and weight 
Fuel for  t h e  
The mass at any i n s t a n t ,  XM, is given by 
XM = XMM + XMAUG 
where 
XMIAD = XMItpO + -XMW)T 
0 
NVNT 
d t  
WJET(1) = j e t t i s o n  weight p e r  t h r u s t  event 
NVNT = t o t a l  number of t h r u s t  events  
ITHR-1 
I=1 
XMAUG - XMAUGtmo - WET ( I) 
! and 
ITHR = number of curren t  t h r u s t  event 
When the  SRM booster  opt ion is used, SRM mass overboard is found from a 
s p l i n e  in t e rpo la t ion  of time-dependent values. 
is included i n  the  mass ca lcu la t ion  by using the equat ion 
The e f f e c t  of t h i s  weight l o s s  
t 
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s m m  = 
and 
f XMI + SRP 
SRMPRP - SRMDbrr 
t o t a l  SRM prope l l an t  
SRM mass overboard 
= L o  + It - XMDQT dt.  
0 
Thus as before,  
XM = XMIAD + XMAUG. 
When the  last thrust event using SRM's is completed, t he  empty cases  are jet- 
t isoned as one of t h e  WJET(1) and the  t o t a l  f u e l  expended, SRMPRP, is sub- 
t r a c t e d  from XMAUG, so that t h e  mass equation remains 
3.2.5 Geophyricol Model 
RAGMOP uses an o b l a t e  e a r t h  model (Fischer e l l i p s o i d )  with a prese t  f l a t -  
tening c o e f f i c i e n t  of f = 1/298.3 (which may be changed by input).  
Figure 3-6). 
(See 
The radius  of t h e  e a r t h  using t h i s  model a t  any given geocentr ic  co- 
l a t i t u d e  9 is given by: 
R(0) = (l-f)Re/ ,/- 
The de r iva t ive  of r ad ius  with respect to c o l a t i t u d e  e ( required i n  order  
t o  calculate the time at  which maximum dynamic pressure occurs) is: 
3 dR(9) R(e)f(Z-f)sinecose . 






Figure 3-6. THE EARTH - AN ELLIPSOID 
3.2.5.1 Atmospheric I rope r t i e s .  The atmospheric model i n  MCMOP LA a 
Pa t r i ck  Reference Atmosphere, 1963 using a s p l  ine- interpolat ion 
technique to  obtain the  p rope r t i e s  of pressure,  dens i ty ,  and speed-of-sound, 
and t h e i r  a l t i t u d e  de r iva t ives .  
an angular ve loc i ty  :le = 7.2921158 x 10 
t h e  su r f ace  of the  ea r th .  Winds may be added as funct ions of a l t i t u d e  so 
t h a t  the t r a j e c t o r y  shaping performed by t h e  progran is  biased t o  include the 
wind e f f e c t s .  
This atmosphere r o t a t e s  with t h e  e a r t h  a t  
-5 radfsec ,  r e s u l t i n g  i n  no wind over  
The i n i t i a l  i n e r t i a l  ve loc i ty  of t he  vehicle  ( a t  l i f t o f f )  w i l l  be tne  
ve loc i ty  produced by the e a r t h ' s  ro t a t ion .  
w i l l  be zero unless input  wind t ab le s  spec i fy  some ground wind d i r e c t i o n  and 
speed. 
The r e l a t i v e  ve loc i ty  at time = 0 
(14) 3 .2 .5 .2  Cravi t a t i o n a l  Model. The Fischer e l l i p a o i d  g r a v i t a t i o n a l  model 
is used u n l e s s  the user  s p e c i f i e s  a s p h e r i c a l  e a r t h  model in the input .  The 
g r a v i t a t i o n a l  p o t e n t i a l  function used f o r  t he  o b l a t e  model is given by: 
* 3uperseript  wnbers refer t o  references i n  Section IV. 
f 
i 






CJ Re 2 2 Re 3 2 [ i  + - (r, (1-3 cos e) + (--I (3-5 cos e)cose "e U(r,e) - - r 3 
Re 4 2 4 + (-) (3-30 cos 0 + 35 cos e) J where 35 r 
i 
3 CJ = 1.62345 x 10- 
DJ = 0.7875 x 10'' 
Re = ea r th  equator ia l  radius  = 6378165 m 
'e 
H = -0.575 x 
= Product of universa l  g rav i ty  constant and e a r t h  mass = 3.986032 x 
m3/sec2. 
Each of the above may be changed by input i f  des i red  by the  user. 
The components of the g rav i t a t iona l  acce lera t ion  vector i n  the  launch 
plumbline iner t ia l  system are calculated as the  f i r s t  p a r t i a l  der iva t ives  
of the  p o t e n t i a l  function with respect  t o  the plumbline coordinate axes. Thus, 
au 
ar 








These equations may _ e  rearrang c I i n t o  t h e  form: 
where Gll = - - % [i+cJ(--) Re 2 (1-SCOS 2 e) + H(--) Re 3 (3-7COS 2 e)cose 











+ DJ(-;-' Re 4 (7- 12 - 4 cos 2 e) cos01 
and 
is the second column of the transformation 
matr ix  from the launch plumbline system t o  
the e q u a t o r i a l  i n e r t i a l  system A (see Paragraph 3.2.2.6). xx 
This general  form is the same as t h a t  used i n  t h e  Saturn V f l i g h t  computer. (16) 
I n  the event a s p h e r i c a l  e a r t h  i s  spec i f i ed  the  above r e l a t i o n s  reduce to:  
= 0. GTO 
3.2.6 Moments 
RAGMOP employs a s t a t i c  (3-D) moment balance scheme using t h r u s t  vector ing 
t o  balance aerodynamic moments i n  order t o  more accurately model the a c t u a l  
vehicle  performance. 
e n t i r e  t h r u s t  t o  be d i r ec t ed  through the veh ic l e  center-of-gravity, and are 
s u i t a b l e  f o r  symmetric vehicles  such as t h e  Saturn V. However, f o r  a non- 
symmetric veh ic l e  with o f f s e t  center-of-gravity and t h r u s t  centroid (as i n  
space s h u t t l e  configurat ions)  the r e s n l t s  obtained without moment balancing 
can d i f f e r  g r e a t l y  from those obtained with the moment balance enforced. 
Moment balancing r equ i r e s  r e d i r e c t i n g  the  veh ic l c  t h r u s t  vector so as t o  
produce no net moments a c t i n g  on t h e  vehicle .  
ac t ing  through the  center-of-gravity (and hence the  t o t a l  veh ic l e  acce le ra t ion )  
w i l l  be less than t h a t  obtained f o r  t he  nonmoment-balanced case. The moment 
balance scheme employed i n  RAGMOP makes use of two approximations: 
con t ro l l ab le  engines are lumped i n t o  a two-engine equivalent t h r u s t  model, and 
(2) a small angle approximation is used i n  the so lu t ion  f o r  t he  required gimbal 
Solut ions obtained without moment-balancing assume the 
Thus, the t h r u s t  component 
(1) t h e  







serve t o  reduce the  run t i m e  of t h e  program considerably. 
These approximations, which y i e l d  a s l i g h t  r e s idua l  unbdanced moment, 
, 
< 
1 are found i n  a 3.2.6.1 Aerodynamic Moments. The aerodynamic moments M 
i *  manner similar t o  the aerodynamic forces.  
b using s p l i n e  i n t e r p o l a t  Lon Tor tlic tobul;itcd values or ~ lrc  aomcnt cocTFicienLs 
f and t h e i r  angle-of-at t ack / s ides l ip  angle de r iva t ives  a8 functions of Mach 
? 
AERO 
Moment c o e f f i c i e n t s  are determined 
number. The c o e f f i c i e n t s  used are: 
about 2' according t o  the right-hand r u l e  
t o  angle-of-attack. 
t o  s i d e s l i p  angle. 
according t o  t h e  right-hand rule. 
t o  s i d e s l i p  angle. Yawing moment i s  p o s i t i v e  about x' according 
t o  the right-hand r u l e .  
CMO - p i t ch ing  moment c o e f f i c i e n t  at zero angle-of-attack, pos i t i ve  
CMALP 
CLBETA - p a r t i a l  de r iva t ive  of r o l l i n g  moment c o e f f i c i e n t  with respect 
- p a r t i a l  de r iva t ive  of p i t ch ing  moment c o e f f i c i e n t  with respect  
Rolling noment is p o s i t i v e  about y' 
CNEETA - p a r t i a l  de r iva t ive  of yawing moment c o e f f i c i e n t  with respect  
The t o t a l  aerodynamic moment about t he  center-of-gravity is obtained 
by determining the t o t a l  moment coe f f i c i en t  about t h e  aerodynamic reference 
point  f o r  which the c o e f f i c i e n t s  are npecified (and which is not ,  i n  general ,  
coincident with the center-bf-gravity) and then t r a n s l a t i n g  these moments 
t o  the center-of-gravity. The aerodynamic moments about t h e  body axes at  
the center-of-gravity are then determined by multiplying the  c o e f f i c i e n t s  
by the product of dynmic  pressure,  aerodynamic reference area,  and aerodynamic 
reference length. Thus, 
- C  C C M  a 
2' Mo a 
B 
6 Cy E c n  X'  








and C are the normal, a x i a l ,  and s i d e  force c o e f f i c i e n t s  of where 5 , C k ,  
Paragraph 3.2.3.1, and kREF is t he  aerodynamic reference length of the vehicle .  
S 
P 
The a c t u a l  aerodynamic moinents about the cg are then found by: 
M = % , Qs 'REF 
"Y kg ycg 
3.2.6.2 Thrust Moments. The moment balance scheme employed i n  RAGMOP computes 
the t h r u s t  components required t o  balance moments using a two engine equivalent  
t h r u s t  model f o r  the con t ro l l ab le  engines. The moment balance computations 
a r e  c a r r i e d  out  i n  ore, of s e v e r a l  d i f f e r e n t  ways, depeading upon the option 
desired by the  user. Three opt ions f o r  SRM engines are avai lable:  (1) SRM 
engines th rus t ing  through a f ixed point  i n  the  veh ic l e  x'  - y '  plane, (2) 
SRM's t racking the  c.g., and (3) SRM's balancing moments along with the  main 
( l i q u i d )  engines. In  addi t ion,  t h e  coordinated tu rn  apt ion may o r  may no t  be 
used. With coordinated tu rns ,  only p i t c h  plane moment balancing 56 required.  
When SRM's are no t  used for moment balancing, pos i t i ons  of t h e  two equl- 
va l en t  engined are determined by summing the  t o t a l  l i q u i d  engine gimbal point  
X' and Y' l oca t ions  and d iv id ing  by t h e  t o t a l  number of engines t o  ob ta in  t h e  
average X'  and Y '  gimbal points ,  and by sumSng ail of the p o s i t i v e  Z'  pos i t i ons  
and dividing by half  t h e  number of euglnes. 
then placed a t :  





E -  
\ 
These loca t ions  are calculated assuming equal t h r u s t  f o r  a l l  engines of a given 
s tage,  and a r e  calculated sepa ra t e ly  f o r  each s tage.  (See Figure 3-7). 
When t h e  SRM engines are a l s o  used f o r  moment balancing, t he  equivalent 
.,.igine loca t ions  are determined by averaging the th rus  t-weighted gimbal point 
. p o s i t i o n s  f o r  t h e  l i q u i d  and s o l i d  i,eled engines. The t h r u s t  weighting is 
accomplished using the first t h r u s t  value of t he  SRM t h r u s t  t a b l e  and the l i q u i d  
engine t h r u s t  €o r  t h e  f i r s t  t h r u s t  event. 
then given by: 
The equivalent engine locat ions are 
* FLBS * s m  




NSRM N avg engliq 
‘GP 
and s i m i l a r l y  f o r  YGp and Zcp . 
avg avg 
The components of t h r u s t  a t  each equivalent engine locat ion required t o  
balance moments a r e  determined Using the  following equations: 
TT T 1 = T  0 -  2 2  
where 
9 is the  t o t a l  t h r u s t  moment vector 
3 is the t o t a l  aerodynamic moment vector 
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. k  
t 
J 
T is the to ta l  vehicle thrust at the current alt i tude.  'f 
The solution of the  above equations is ohtained as follows: 
Define the coordinate system rtyz where the origin is bcated at the vehicle 
cer.ter-of-gravity and the two equivalent engines are contained i n  the ye plane 
(See Figure 3-8). 
Y 
# 0 - 2  Dy //------- 
4 / 
ENGINE 22 
ENGINE i l  
I ENGlNE # I  nv 
I 
- b  c 
Figure 3-8. CF. TER OF GRAVITY/GIMBAL PLANE COORDINATE SYSlEM 
Define the p- tch and yaw gimbal angles for each engine as follows: 
-1 6 * tan 
p1 
-1 6 = tan 5 
-1 = tan 
&p2 









. .  
' 
. .%a? 
. .  
- \  
-1 TZ2 
6 = tan - 
y2 
. - -  
I- 
? 
e .  
The moment equations about each a x i s  can be wr i t t en :  
(Tyl tan 6 + Ty tan 6 )dy + (TY - T  ) d z = - M A X  
y1 2 y2 1 y2 
MAY t a n  6 )dz - (TyI t an  6 + Tyz t an  6 )dx - p2 y1 y2 
tan 6 - 
p1 
+ T )dx + (Tu t a n  6 
y2 1 p1 
where : 
, and TZ are the  t h r u s t  components of each 
2 
engine In  the xyz coordinate system, 
i 
, 
X Y and Mu are the  components of t h e  t o t a l  aerodynamic monent AX' AY' 
i n  the xyz system, 
and 
dz Z - ZCG - (ZGpl - ZcG) . 
GP2 
Since the re  are oniy three equations t o  determine the  four  gimbal angles ,  
t he  assumption is made t h a t  
d '  
: c .  





\ .  
a \  9 
'g. .. .- - 
We now have four equations and four unknowns. The so lu t ion  of these 
equations is presented i n  Appendix C and yields:  
tan 6 ' 
1 t an  6 ' p, p, . 
5 
1 + 1 I 
p1 Y p2 Y 
th + tan2 6 ' + tan2 6 '  + tan2 6 ' + tan2 6 ' j  
TZZ = TYY tan h i  
SRM Booster Moment Balance. 
balance equations are t h e  same, but t he  values of the  moments t o  be balanced 
and of the t h r u s t  used for moment balancing may change. 
option (mAL = 11, the  moment produced by the SRM's is added t o  M and the  
x' and y '  t h r u s t  components produced by t h e  SRM's are added to t h e  main engine 
x' and y' t h r u s t  components. With SRM's t racking the c.g. (M@MBAL=2), no mo- 
ment is produced by the SRM's. 
t h e  main engine x' and y' components (which along with the  2 '  component, bal- 
\ ance the aerodynamic moments) as before. When the  SRM's a r e  used i n  conjunc- 
When t h e  SRM booster  s h u t t l e  is used, t h e  moment 
With the  f ixed SRM 
A2 
The x' and y' t h r u s t  components are added t o  
t i on  with the  main engines f o r  moment balance, t he  two engine equivalent 
t h r u s t  model represents  the t o t a l  vehicle  t h r u s t  ava i l ab le  and moments are 
balanced using t h i s  t o t a l  t h rus t .  
Coordinated Turn Moment Balance. 
from a s impl i f i ed  moment balance when coordinated tu rns  are used. 
4 The t h r u s t  components Txx and Tyy a r e  found - 
Since only 
I pitch plane moments are encountered with t h i s  opt ion,  the moment balance pro- 
{ I 
blem reduces simply t o  f inding the angle 6 (see Figure 3-9) required t o  pro- 
I *  duce no n e t  moment on t h e  vehicle .  
From Figure 3-9 we see that t h e  magnitude of t h e  moment produced by the t h r u s t  










I CI YY 
V 
s i n  
Figure 3-9. COORDINATED TURN MOMENT BALANCE 
where 
and 
a l so  
2 
'dx2 + dy 
The thrust components are 
T x x  = Tsin6 
Tyy = Tcosd 
and 6 is  given by 
6 = e+ (5 - e) 
J 
I 
* .  
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i -  
$i 
-1 dY -1 %IT 
*a = cos - + s i n  
2 2 2 2 dx + dy dx + dy 
But w e  des i r e  yt = -Mu so t ha t  
-1 dY -1 6 = cos + s i n  - 
> 
2 2 f dx + dy 2 2 
f 
T dx + dy 
3.2.7 Control L o w  
The cont ro l  l a w  w e d  by RAGMOP is a set of time-dependent polynomials f o r  
the  vehic le  a t t i t u d e  angles  chi-pitch,  xp, and chi-yaw, 
polynomials a r e  separated f o r  each s tage ,  so t h a t  a l toge the r  four a t t i t u d e  
polynomials e x i s t  i n  t h e  program - one f o r  x i n  each s t a g e  and one f o r  x 
P Y 
in  each stage. *L%e currcnt  vers ion of the  program allows a q u a r t i c  polynomial 
for the f i r s t  s t a g e  xp, and a quadra t ic  polynomial f o r  t h e  remaining three 
cont ro l  angles.  
opt ion,  however, t h e  x p r o f i l e  may not .  The xp and x angles ,  defined in 
Paragiaph 3.2.2.5, are determined a t  any given time T from t h e  polynomial 
equations: 
. The a t t i t u d e  
xY 
The xp p r o f i l e  may be discontinuous a t  s tag ing ,  a t  the  user's 
Y Y 
2 
X - + AP(1,l) (T-TLIFT) + AP(2,l) (T-TLIET) 
'BOOSTER xpT=TLIFT 
4 + m(3,1)  (T-TLIPT)~ + AP(4,l) (T-TLIFT) 
where x is the  value of xp a t  the  end of t h e  ver t ical  rise from t h e  
and AP(1,l) through AP(4.1) are the  c o e f f i c i e n t s  of t h e  polynomial, some of  
'T=TLIFT 
launch ?ad, 
which may he zero I f  R lower order  polynomial t s  deolred. 
2 = t AP(1,2) (T-TSTC;) + AP(2,2) (T-TSTG) 
XPORB*TER 'PT=TSTG 
where x is the  value of x p  a t  the  beginning of t he  second s tage .  
PT=TSTG may or may not  be :he value of x at  the  end of t he  f i r s t  s t a g e ,  
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L 
2 + AY (1 , l )  (T-TLIFT) + AY(2,Ij (T-TUFT) 
‘BOOSTER = %=rnIFT 
2 - 3- AY(lS2)(T-TSTG) + AY(LS2)(T-TSTG) 
xyORBITER %=TS*G 
The polynomial c o e f f i c i e n t s  used i n  t h e  above equations are determined 
by cu rve - f i t t i ng  the  appropriate  number of po in t s  ( th ree  f o r  a quadra t i c ,  four  
f o r  a cubic, e t c )  of x and time. The t i m e  p o i n t s  are not  a l l  required t o  l i e  
within the time spans of the p a r t i c u l a r  s t ages ;  however, an even d i s t r i b u t i o n  
over each s t age ’ s  time span would probably be most e f f i c i e n t  i n  t h e  optimization 
scheme. The a c t u a l  a t t i t u d e  con t ro l  parameters o p t i r i z e d  by the program 
are the x and x 
P Y 
the polynomials. 
values at the var ious t i m e  po in t s  which are used t o  form 
3.2.7.1 *tional Angle-of-Attack Control f o r  F i r s t  Stage. I n  addi t ion t o  
the optimized x polynomial, the vehicle  p i t c h  a t t i t u d e  may be con t ro l l ed  
with any of three angle-of-attack options: (1) zero angle-of-attack, (2) 
zero normal force angle-of-at tack, or (3) Mach number-dependent :ngle-of- 
a t tack.  
P 
The zero normal force angle-of-attack is found by noting t h a t  
= 1/20 VRS(CN 2 + C, a) 
FAERONORMAL 0 a 
and t h a t  FmR0 = 0 when C + $  a = O  
NCRMAL NO a 
or ,  solving f o r  a: 
The Mach number dependent angle-of-attack i s  found using a s p l i n e  
i n t e rpo la t ion  scheme i n  an i npu t  Mach number/angle-of-attack table .  
Information concerning t h e  use of these options may be found i n  Section 




. .  
- \  - 
, 3.2.7.2 Coordinated Turn Option. The coordinated tu rn  option incorporated 
i n t o  RAGMOP takes advantage of t h e  fact  t h a t  simple r e l a t i o n s h i p s  e x i s t  f o r  
descr ibing the t o t a l  aerodynamic and t h r u s t  forces  on the  veh ic l e  during 
coordinated turns. The s impl i f i ca t ion  occurs by not ing t h a t  the r e l a t i v e  
ve loc i ty  vector ,  VR , lies i n  the  veh ic l e  x *  - y *  plane as shown i n  Figure 3-10. 
The forces  on the veh ic l e  w i l l  also l i e  e n t i r e l y  i n  the x -y plane s i n c e  aero- 
dynamic s i d e  forces ,  yawing moments, and r o l l i n g  moments are a l l  zero f o r  zero 
s i d e s l i p  angle i n  RAGMOP. Thus, no n e t  aerodynamic or t h r u s t  i o rces  on the 
, 5  
-f 
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d 
X '  t "R 
Figure 3-10. VEHICLE PITCH PLANE 
The x and x polynomials o r i e n t  the veh ic l e  longi tudinal  (y ' )  axis i n  
P Y 
the i n e r t i a l  reference lrmc. The cur ren t  s t a t e  determines the o r i e n t a t  Lon of 
t he  r e l a t i v e  veloci ty  vector ,  GR. For coordinated t u r n s ,  the plane containing 
y *  and $ 
b i l i t i e s  e x i s t  f o r  doing t h i s :  
negative angle-of-attack. 
€or the  two. Rather, t h e  vehicle  is r o l l e d  about y *  and V is e i t h e r  above 
(negative a) or below (pos i t i ve  a) the cockpit. We define the  un i t  vec to r s  
y'  and V 
t o r ,  respect ively.  These are : 
m u s t  a l s o  contain the v e r t i c a l  axis of the vehicle ,  x * .  Two possi- R 
one with p o s i t i v e  angle-of-attack and one with 
Note t h a t  t h e  p r s i t i o n  of t he  y' axis does not  change 
-f 
R 
i n  the d i r e c t i o n s  of t h e  body y *  axis and the r e l a t i v e  ve loc i ty  vec- R 
y *  = sinx cosx i + cosx cosx j + slnx k 
P Y  P Y  Y 
? 
t 
w - u  . v n  and V = - i + -  j + - k .  
'R vR vR 
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Consider tlre iionorLhogonaL coordiimLc system I oriiic*d Iby I 1 1 1 s  UII i 1 vc.c*Ltp~ s 
y' and V in ~lre y' and V d irec t ions .  T l i c  aerodynamic and thrust  1-orces i l l  
th is  system are described as fol lows,  taking note  of Figure 3-11. 
n n 
Figure 3-11. FORCES ON THE RELATIVE VELOCITY SYSTEM 
'I'he x '  force (Txx -t Txs - I' ) may b e  formed by addinK n force 9 ,  i n  L l ~ c .  
V d i r t ~ t i o i i  and a force 9.7 i n  the y '  d i r e c t i o n  as seen by the p;lr;iIIeJogram 
o l  Figure 3-11 where 
AN 
K 
= [ ( T x x  + Txs - Fm)/sina] VR 
h 
L = -klcosa = [(FAN - T x x  - Txs)cosa/sina] y 2 
-1 - anc. UL = +cos (VR y) where the sign is specified by input. 
The to ta l  force acting on the vehicle  becomes then: 
Since y and VR are described in the launch plumbline XYZ system as  
y = X sinx cosx + Y cosx COSX + 2 sinx 
P Y P Y Y 
A *  A w  U V and VR = X - + Y -  + z - ,  
vR "R vR 
the tota l  force becomes 
3-32 
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W - I] = Fyv [ s inx  C O S ~ ~ C O S ~ , ~ ]  cosy, + FVR 1’
vR 
vR 
V s inx  - FZ 
The event may arise t h a t  a is too la rge  and must be reduced i n  order  t o  
meet s t r u c t u r a l  load (qcd requirements. 
above y a x i s  through the  angle (a - a> is necessary,  r e s u l t i n g  i n  a new 
y, and xy. This ro t a t ion ,  contained in the  x - y - V plane, is also shown 
in Figure 3-12. 




By inspect ion of Figure 3-13, we see tha t  
Figure 3-1 2. ANGLE-OF-ATTACK L I M I T I N G  WITH COORDINATED TURNS 
3-33 
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The t o t a l  force a c t i n g  on the  vehicle  i n  Lhe i n e r t i a l  plumbline X Y Z  sys t em is 
then 
Y + F  V 
"R new 
F = F  
"new 
where 
F = Tyy + Tys - FAA 
"new 
+ (FAN - T x x  + Txs)/tana 
and 
= ( T x x  + T x s  - FAN)/sina 
FVR 
The t h r u s t  and aerodynamic fo rce  components used i n  these equations a r e  
recalculated based on t h e  new angle-of-attack. 
The a lgebra i c  sign of t h e  angle-of-attack w i l l  be taken as a constant f o r  
each t h r u s t  event. 
diuated tu rns  with p o s i t i v e  o r  negat ive angle-of-attack f o r  NC&hD (ITHB) = +1 
or -?, respect ively,  where ITHR denotes the  number of t h e  t h r u s t  event. I f  
NCWRD (ITHR) = 0, OT i f  the  v e r t i c a l  rise is not ye t  completed, coordinated 
turns  are not used except by coincidence. 
A new inpu t  va r i ab le ,  NCGWRD(15) allows the  use of coor- 
v 
E 
When the coordinated t u r n  opt ion is used, the i n e r t i a l  r o l l  a t t i t u d e  angle,  
must be determined f o r  p r i n t  output i n  subroutine APRTN. Also, when the 
angle-of-attack must be changed, the x and x angles are changed. Although 
the new values of x and x are not  required i n  the equations of motion, the 
values are required f> r  the t r a j e c t o r y  block output of subroutine APRTN. 
rou t ine  ADER c a l c u l a t e s  the components of t he  body axis y system and s t o r e s  them 




j = YHAT(1) + YHAT(2); + Y H A T ( 3 ) i .  
The x and x angles a r e  then given by 
P P 
YHAT(1) -1 
xP = tan YHAT(2) 
3-14 
! 
- .  . - -. 
. 
and YHAT(3) 
cos-' 'YHAT(1)' + YHAT(2) ) ABS (YHAT(3)) 
. 
I 
I -  
T 
The x 
negative angle-cf-attack was specified. We have, for positive angle-of- 
at tack : 
angle has two possible solutions depending upon whether positive or R 
-vcos% + wsinx s i n s  + ucosx sinxy -1 
XR = tan 
-usinX + wcosx 
P P 
b 
For negative angle of attack xR is the above value plus pi. 
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rocket ascenl  t rnjc*c: tory.  Ax wl th any ol.licbr stcepcv+t-clescc~nt mc:thod, an 
i n i t i a l  guess parameter set  is used t o  s t a r t  t h e  program. Changes t o  t h i s  
parameter set are ca lcu la ted  t o  meet the required end condi t ions and optimize 
(extremize) t he  payoff quant i ty .  
form, the  so lu t ion  obtained is l imi ted  t o  the  bes t  cont ro l  of t h a t  chosen form. 
RAGMOP requi res  para,;ceterization of the  chi-pi tch and chi-yaw a t t i t u d e  h i s t o r i e s  
(see Paragraph 3.2.6) with polynomials i n  t i m e ,  which have general ly  been seen 
t o  be i n  c lose  agreement with v a r i a t i o n a l  so iu t ions  f o r  the  a t t i t u d e  h i s t o r i e s .  
S h c e  the  cont ro l  is l imi ted  t o  a parametric . <  
The i n i t i a l  guess set of parameters used t o  start the  i t e r a t i o n  process 
is a r b i t r a r y ;  however, t h e  b e t t e r  t he  i n i t i a l  guess, t he  f a s t e r  the  so lu t ion  
w i l l  be found. 
ways: (1) a constraint-error-reduction, or r e s to ra t ion ,  s t ep ;  and (2)  a payoff- 
extremizing, or optimization, s tep .  
Updating of t he  parameter set is accomplished i n  RAGMOP i n  two 
3.3.1 Restorotion Step 
The f i r s t  t a sk  t o  be accomplished by the  parameter update scheme is meeting 
the  des i red  end cor. . s i o n s  (cons t ra in ts ) .  To t h i s  end, the  i n i t i a l  guess 
parameter set is uFdated using t h e  r e l a t i o n  
where 
(dB1 is t he  vec tor  of parameter update values ,  
(3-1) 
H is a diagonal weighting matr ix  which attempts t o  normalize 
JI 
the  e f f e c t s  of the  var ious parameters (see Paragraph 3 . 3 . 5 ) ,  
is t h e  m x n matrix of p a r t i a l  der iva t ives  of t he  cons t r a in t s  

















is the  vec tor  of cons t r a in t  e r r o r s .  
Since more parameters than cons t r a in t s  (n > m) are required i f  opt imizat ion is 
t o  be performed, more than one so lu t ion  exists t o  the problem of  updating the 
parameters t o  s a t i s f y  the cons t r a in t s .  The so lu t ion  obtained l rom eqiiation 
(3-1) is the one which minimizes t h e  weighted sun q f  the  squares of the param- 
eter changes, i .e. ,  
T 
(dB H d 8 )  i s  minimized. 
The minimum weighted parameter change is des i r ab le  s ince  the  update is  made 
using l i n e a r  pred ic t ion ,  and the  actual problem is i n  general  very nonl inear .  
(Small changes w i l l  be more i n  t h e  region of l i n e a r  p red ic t ion ) .  
The r e s to ra t ion  s t e p  of equation (3-1) is sca l ed  whenever any of the  
cons t r a in t  e r r o r s  i s  g rea t e r  i n  absolu te  value than f i f t y  times t h e  acceptable  
e r r o r  f o r  a converged run: i .e. 
where E2 is the  r e s t o r a t i o n  s t e p  scale f ac to r .  
assuming a quadra t ic  r e l a t i o w h i p  between a performance index P 
f ac to r  E2: 
The value of E2 is found 
and the  scale 6 
2 
P = P  + aE2 + bE2 ' 'E2=0 
where 





. .  
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and 
a and b are the  coe f f i c i en t s  i n  the  quadra t ic  r e l a t ionsh ip  between 
P and E2.  
J, 
The cons t r e in t  performance index used i n  RAGMOP is 
where 
and 
END is the  maximum acceptable  absolu te  Lrror  in the  ith corls t ra int  
f o r  a converged run, 
is t he  vec tor  of p a r t i a l  de r iva t ives  of t he  payoff with respec t  
t o  the  parameters, 
4 X 
4 is the payoff. 
The assumed quadra t ic  r e l a t ionsh ip  between P and E2 is es tab l i shed  using 11 
th ree  b i t s  of information: (1) t he  value of P when E = 0, ( 2 )  the  s lope  of 
t he  3 (E ) funct ion a t  E2 = 0,  and (3 )  t he  value of P.,, at some value of 
E2 # 0. 
J, 2 
$ 2  
The f i r s t  two b i t s  of information are r ead i ly  ava i l ab le  s ince  
P - P  s p  
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The third b i t  of infcrmation is the value of P 
This is  obtained by choosing E, = .l, using the parameter update with that 
value of E2, running t h e  trajectory, and evaluating P 
t ion between F 
a t  some nonzero value of E2. 
9 
#- 
. 'fie quadratic rela- 
$ 
and E2 is, then: E2 
rfr 
7 3 5 .  - = P  + -- E2 + DE2 
p$ E2 JIO a E2 
I which yields 
Pd, - P - 2Y. E- P - P (1 + ZE.,) 
JI* JI % L 
Since we desire a l l  of the constraint errors t o  be nulled w e  have P = o  
so that: Ir 'desired I 
2 0 = P = 2P E2 + bE2 
$c $0 
or solving for E2: 
3-39 
The value of E2 used i n  RAGMOP is based on the  value of b. For b 0, 
b 
P 
and f o r  b > 0 E2 = - $0  
b 
The va lue  of E2 is l imi ted  by RAGMOP t o  .05 < E2 < 1.0. - - 
3.3.2 Optimization Step 
The second t a sk  t o  be accomplished by t he  parameter update scheme (after 
the  cons t r a in t s  are s a t i s f i e d )  is t h e  extremization o f  some payoff quantity.  
The s t e p  which accomplishes t h i s  ( 6 )  is given by 
(3-3) 
where 
QY is a s t e p  scale f ac to r  t o  be determined by a search. 
This s t e p  assumes l i n e a r i t y  of t h e  payoff and cons t r a in t s  E i t h  respec t  t o  the  
parameters and a l s o  assumes t ha t  the  optimum on t he  i n t e r s e c t i o n  of the con- 
s t r a i n t  hyperplanes (which descr ibes  the allowable sur face  of  parameter values  
over which t h e  optimum payoff is  sought) can be approached using a l i n e a r  s t ep .  
Since the  l i n e a r i t y  assumption is f a l s e ,  t h e  s t e p  is scaled to  increase  the 
payoff as much as pospible wfthout excessive increase  i n  the  cons t r a in t  e r r o r s .  
In  o ther  words, t he  a t t e m p t  is made t o  remain within some defined region of 
the  cons t r a in t  boundary during the  opt imizat ion s t e p  by l imi t ing  the s t e p  size 
taken. 
! 




The value of the  opt imizat ion s t e p  scale fac to r  QY is found using a one- 




v WE) ,AiT H A g )  (= GNU of Paragraph 3.3. 
The search begins with a value of QY ca lcu la ted  t o  g ive  some minimum parameter 
change, below which the  s ign i f i cance  of t he  search is l o s t  due to  machine noise  
and/or roundoff e r ro r .  (A change i n  l i f t o f f  weight of .1 l b  f o r  a 5 million- 
pound veh ic l e  is not s i g n i f i c a n t ,  f o r  example.) The parameter update is tem- 
porar i l ;  performed with t h i s  QY,  a t r a j e c t o r y  run is made, and the  composite 
payoff index evaluated. 
parameter update performed, the  t r a j e c t o r y  run made, and the  composite payoff 
index reevaluated. 
index increases ,  denoting t h a t  t he  minimum has been passed. 
values of QY are t r i e d  before  the  minimun is passed, only the  most recent  
four poin ts  are used i n  a cubic curve-f i t  t o  l oca t e  the minimum. li t he  
minimum is passed before  four poin ts  are obtained, three poin ts  are run and a 
The value of QY is then Increased, t he  temporary 
\ 
This procedure continues u n t i l  t he  value of the payoff 
I f  more than four  
i : quadrat ic  curve-fi t  performed f o r  t he  minimum. The r e s u l t  (QY) from t h i s  curve- 
. f i t  is then used t o  form a four th  da t a  point for a cubic curve f i t .  Once the 
f i r s t  cubic curve- f i t  I s  performed, the  resultant QY fs used  €or another da ta  
poin t ,  and a second cubic curve-f i t  is performed f o r  the  value of QY t ha t  
minimizes the payoff Index (0 (Note tha t  f o r  maximized payoff a negative s ign  
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3.3.2.1 Cubic Curve Fit 
The cubic form is w r i t t e n  
L 
The va lue  d is j u s t  t h e  va lue  of Y at  some base p o i n t ,  (usually at  X = 0 ,  
but not  necessa r i ly  so) so choosing t h e  fou r th  data point as t h e  base po in t  
w e  have : 
3 2 + b ( X  - X 4 )  Y - Y 4  = a (X - X4) + c(X - X4) (3-5 1 
-- 
At t h e  d a t a  p o i n t s  (Xl, Y1) (X2, Y2) (X3, Y3) (X,, Y,) w e  can w r i t e :  
I 3 2 1 A 3 2 + b(X2 - X4) Y1 - Y4 = a(X - X4) + b(5 - X,) + c(X.  - X4) + c(X2 - X4) - Y4 = a(X2 - X 4 )  y2- y3 - Yq = '(X3 - X4) 3 + t 4 X 3  - X,) 2 + C(X3 - X 4 ) .  
We now have t h r e e  equations i n  the  t h r e e  unknown c o e f f i c i e n t s  a r b ,  and c .  
The s o l u t i o n  f o r  these  c o e f f i c i e n t s  follows: 
x1 - x4 Let dxl 2 
dx3 f x3 - x4 
dX2 5 X2 - X 4  
then Equation (3-6) can be written: 
__c dyl = adX12 + bdXl + c 
dxl 
- dy2 = adX2' + bdX2 + c 
&2 
dY1 = Y1 - Y4 
dY2 = Y2 - Y4 
dYg = Y3 - Y 4  
(3-7) 
3-42 
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Ta .- 
a - 
- dy3 = adXJ* + bdX3 + c 
&3 
Subtracting Equation (3-8) from Equation (3-7) gives  
L 
2 2 dY1 dY2 - - - -  - a(dX1 - dX2 ) + b(dX1 - dx2) 
% dx2 
and s imi l a r ly  (3-9) from (3-7) gives 
ii 
E 
2 - - - =  dY1 dY3 a(dX: - dX3 ) + b (dX1 - dX3) 
dX1 dXg 
which reduce to 
dY1 dY2 
( - - -  / (dX1 - dX2) = a(dX1 + dX2) + b 
% dX2 
( - - -  dY1 dy3 ) / (dX1 - dX3) = a(dX + dX3) + b 
dX1 d X 3  1 
i 
Defining dXli 5 dX1 - dX2 
and 
and subtract ing (3-13) from (3-12) we have 
dX13 E dX1 - dX3 
I 
i 
dY1 dy2 ) dY1 dY3 
( - - -  
% dX2 











( 3 - 1 5 )  




b=(-- -1 / dX dXl dX3 13 - a(dX1 + dX3) 
and from (3 -9 )  
dY 3 -. 
L 
3 + adX + hclX c = -  3 
dx3 
Using (3-15), (3-16) and (3-17) in ( 3 - 5 )  we have 
-2b + - ’4b2 - 12ac 
6a %IN a 






Thus (16) yields the extrema of the function. In order to choose Z .twc.r*rr 
the + or - sign we look at the second derivative at the extrema: 









> o  2 - + ' b - 3ac 
from which the choice of the  + s i g n  is  obvious and 
- -b + d2 - 3ac - 
QYmin 3a 
This value of QY is then used t o  perform a permanent parameter update ( the  
opt imizat ion s t e p ) .  The t r a j ec to ry  is run with the  permanent update, a new 
set  of p a r t i a l  de r iva t ives  is obtained a t  t h e  new con t ro l  state, and the  
convergence test is made. I f  the so lu t ion  has  not  ye t  converged, another QY 
search w i l l  be performed as soon as the  cons t r a in t  e r r o r s  from the  optimization 
s t e p  are res tored  t o  acceptable  l e v e l s  ( i f  they ere not  a l ready acceptable) .  
The search I s  terminated p r i o r  t o  pessing t he  minimum f f  e i t h e r  of two 
criteria are not  s a t i s f i e d :  
l eve l ,  and (2) t he  cons t r a in t  e r r o r s  wst not  be excessive. The parameter 
change is monitored by determining a maximum acceptable  change f o r  a s i n g l e  
parameter which d i r e c t l y  a f f e c t s  t h e  pa)off. 
tored by determining t h e  maximum act Dptable e r r o r  of a s i n g l e  cons t r a in t .  
the  parameter change o r  t h e  cons t r a in t  e . r o r  exceeds the maximum value,  the  
search is terminated. The cur ren t  va lue  of QY is  then used f o r  the  opt imizat ion 
s t e p  ca l cu la t ion  r a t h e r  than a curve-f i t ted value. 
(1) parameter changes must b e  below some maximum 
The cons t r a in t  e r r o r s  are moni- 
I f  
3.3.4 Portio1 Derivatives 
The p a r t i a l  de r iva t ives  used i n  t h e  parameter update equations 
- . . . . . . . . . . .  





a r e  detcrmined using numerical d i f f e rence  techniques.  
perturbed by some s l i g h t  amount, a t r a j e c t o r y  is run, and the  e f f e c t  of t h e  
per turba t ion  on t h e  equa l i ty  cons t r a in t s  and on the payoff is ca lcu la ted .  
process  must be performed sepa ra t e ly  The p a r t i a l  der iv-  
atives a r e  then found as the  r a t i o  of  t h e  change i n  the  cons t r a in t  o r  payoff 
t o  t h e  change i n  t h e  parameter: 
Each parameter i s  
This 





- Qi 8 +AB. Qi 
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Derivatives formed i n  t h i s  manner (forward d i f f e rences )  a r e  used whenever a 
r e s t o r a t i o n  s t e p  is made. 
performed (s igna l led  by a l l  cons t r a in t  e r r o r s  being wi th in  the  acceptable  liinits 
f o r  a converged run) ,  t h e  parameters are a l s o  perturbed i n  the  nega t ive  d i rec-  
t i o n  and the  average s lope  ( p a r t i a l  de r iva t ive )  is found: 
I f  t h e  opt imizat ion s t e p  (QY) search is  t o  be 
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This method is used s ince  the  opt imizat ion s t e p  (QY) search is more s e n s i t i v e  
t o  e r r o r s  i n  the  p a r t i a l  de r iva t ives  than the r e s to ra t ion  s tep .  (A consider- 
ab le  savings i n  computer t i m e  r e s u l t s  from using only the forward differer lces  
whenever p rac t i ca l . )  
The per turba t ion  values  used i n  RAGMOP are: 
A burn t i m e s  = 1 second 
A l i f t o f f  weight = .01% 
A launch azimuth = .25" 
A f i r s t  s t a g e  x = . lo)  
P 
A f i r s t  s t a g e  x = .5' 
Y P rese t  t o  these  values. May a l s o  
second s t a g e  P = .1j be changed by input .  
A second s t a g e  .y = .5' 
Y 
The one exception t o  the  above method of determining t h e  p a r t i a l  deriva- 
t i v e s  occurs when the  f i n a l  t h r u s t  event  b u m  time is optimized without the 
payload option. 
,rather rhan by a t r a j e c t o r y  in t eg ra t ion .  
In t h i s  case, the p a r t i a l  de r iva t ives  are obtained ana ly t i ca l ly  
The approach used is t h a t  
where - 
x denotes the  f i n a l  s t a t e  (pos i t ion ,  ve loc i ty  mass). 
1 






a r e  presented i n  Appendix G .  The use of t h i s  formulation both saves computer 
time and increases  the  accuracy of the p a r t i a l  der iva t ives  by e l imina t ing  t h e  
numerical d i f fe rence  technique. 
3.3.5 The Weighting Matrix 
The purpose of the  weighting matr ix  is t o  normalize the p a r t i a l  der iva t ives  
of the. cons t r a in t s  with respect  t o  the  var ious parameters. 
value of each p a r t i a l  de r iva t ive  
The numerical 
is dependent upon the  u n i t s  chosen f o r  the  parameter B Consider for  example 
the  case of the p a r t i a l  de r iva t ive  of the  rad ius  vector  a t  o r b i t a l  i n j e c t i o n  
with respect  t o  one of  the  x values used t o  form t h e  f i r s t  s t age  x polynomial. 
A t  some t i m e  suppose the  value of t h i s  p a r t i a l  de r iva t ive  is 
j* 
P P 
- a R  = 1000 meters/degree 
axP 
If the u n i t s  of x 
instead of 1000, and the square of t h e  p a r t i a l  (used i n  the parameter update 
scheme) would be 304.57  instead of 10 . 
of the radius  vector  with respect  t o  l i f t o f f  weight i s  
were radians r a the r  than degrees, the value would be 17.45 
P 
6 Now suppose tha t  the p a r t i a l  de r iva t ive  
a R  - = 1 meter/kilogram awgi 
The square of t h i s  is 1. 
l i f t o f f  weight p a r t i a l  t o  the  x 
degrees t h i s  r a t i o  i s  1/106 = .000001. 
With x i n  radians,  the r a t i o  of t he  square of the 
P 
p a r t i a l  is 11304.57 = .00328, but  with x i n  
Thus, merely  by changing the  u n i t s  of 
P P 
t h e  e f f e c t  of the x par t ia l  de r iva t ive  on the  sum of the  squares 
xP’ P 
is changed from t he  t h i r d  s i g n i f i c a n t  d i g i t  t o  the  s ix th .  
t h a t  for some parameters and cons t r a in t s ,  t h e  s ign i f icance  of one o r  more 
It is e a s i l y  seen 
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parameters on a particular cons t r a in t  could be completely l o s t  on an e igh t  
d i g i t  computer when summing t h e  squares as shown above. 
graph expla ins  t h e  s ign i f i cance  of t h i s  sum. 
The following para- 
The matrix 
m u s t  be inverted in the parameter update ca l cu la t ion  f o r  both t h e  r e s t o r a t i o n  
s t e p  and the  opt imizat ion step.  .'he diagonal elements of t h i s  matr ix  contain 
the  weighted sum of the  squares  of t he  p a r t i a l  de r iva t ives  of t he  parameters 
with respect t o  each cons t r a in t ,  Le., 
Without a weighting matr ix  the  numerical value of t h e  terms comprising each 
I a r e  dependent upon two f ac to r s :  (1) t h e  a c t u a l  e f f e c t  of t h e  var ious 
parameters on t h e  jth cons t r a in t ,  and (2) t h e  u n i t s  chosen f o r  t h e  parameters. 
The weighting matrix at tempts  t o  e l imina te  t h e  second f a c t o r  by normalizing 
a l l  of t he  squared t e r n  t o  t h e  same order  of magnitude. 
9 J 
The weighting matrix is ca lcu la ted  as follows: 
Define t h e  vector  






where i t  is assumed t h a t  a l l  the  V, > 0 .  Using V, a second vector  S is 
chosen such t h a t  
m a y .  2 
L 
s =  j m 
In other  words, S is the  average base t en  logarithm of t he  ratic. of the  squares 
of t he  c o n s t r a i n t - p a r t i a l  de r iva t ives  of each parameter with respec t  t o  the 
first parameter. Thus, S1 - 1. 
The f i r s t  parameter is a r b i t r a r i l y  chosen as the  b a s i s  f o r  comparison, how- 
ever,  any parameter wi th  a l l  t h e  Vi > 0 could be used. 
a f f e c t s  t he  sca l ing  of QY i n  t h e  optimization s tep . )  
(The parameter chosen 
The weighting matrix H is then given by 
S 
H = W j / l o  j 
11 
where W 
performance of c e r t a i n  paameters.. 
has been seen t o  cont r ibu te  t o  essentially uniform convergence of t he  para- 
meters. 
is an add i t iona l  weighting f ac to r  found by experience t o  improve the  
j 
This  d e f i n i t i o n  of t he  weighting matrix 
The weighting matrix ca l cu la t ion  is performed a t  each r e s t o r a t i o n  s t e p  
a f t e r  the  i n i t i a l  guess (nominal) t r a j e c t o r y  u n t i l  an opt imizat ion s t e p  sca l e  
f ac to r  (QY) search is completed. A t  t h i s  time the  Weighting matr ix  i s  updated 











At3 = Bi - Bi-l 
= total derivative of the payoff with respect to parameters. DB 
Using the updated weighting matrix, the restoration step is again per- 
formed unt!l the constraints are satisfied. At this time, the convergence 
tests ab described in subsection 3.3.6 are tested, if the tests at" met con- 
vergence is denoted and a final trajectory printed. If the tests are &:t met 
another optimization step search is begun and the weighting matrix updated 
upon successful completion of the search. This process of updating the 
weighting matrix is continued until either the convergence tests a: 
th: updating process is performed more times thaw the difference between the 
number of parameters and the number constraints. 
weighting matrix is reinitialized based upon the aforementloned procedure. 
Experience has shown that the reinitialization process speeds the convergence 
since this process tends to eliminate the inherent numerical errors. 
*let or 
In the latter case the 
3.3.6 Convergence Test 
Three criteria must be met at the end of a QY search (See Paragraph 3.3.2) 
in order for a given trajectory solution to be considered converged: 
constraint errors must all be within acceptable limits, (2) the scaled total 
derivative of the payoff with respect to each parameter (Peon ) must be 
acceptably small, (3) the parameter changes computed using the curve-fit value 




The acceptable limits on the constrafnt errors are input values. i 
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The t o t a l  der iva t ives  of the  payoff with respec t  t o  ea& of the parameter 
a r e  given by: 
The convergence parameters mentioned i n  (2) above a r e  given by 
= 
'con i 'scalei 
where P i s  t:.-. absolute  value of l a r g e s t  of t he  terms added together  i n  
i scale 
. This s c a l i n g  assures  t h a t  each - Dh i s  zezo t o  the  same 
number of s i g n i f i c a n t  d i g i t s .  
'con 
The test on Peon i n  RAGMOP is set a t  
< ,025 .  (On the  optimum !k = 0 and Peon = 0 . )  
i i 
The absolute  values of t he  parameter changes a t  t he  end of a QY search 
(i .e.  using the  value of QY produced by the  search)  must a l l  be t r i v i a l ,  
where t r i v i a l  f o r  t h i s  pur.&ose is defined as: 
burn times < 1% 
l i f t o f f  weight < .001% 
launch azimuth .00085° 
x values c 1% 
x values < 0.1% 
P 
Y 
3.4 INTEGRATION PACKAGE 
Numerical i n t eg ra t ion  is performed l.n RAGMOP using the  DESOLV ln tdgra t ion  - *  
package(17). 
of the  equations of motion from i n i t i a l i z a t i o n  t o  termination, 
t i on  schemes are ava i l ab le  i n  the DESOLV package: 
The DESOLV package provides execut ive cont ro l  of the  in t eg ra t ion  
Three integra-  
l )  a f ixed s t e p  four th  
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order Runge-Kutta, 2) a var iab le  s tep-s ize ,  va r i ab le  order .  Adam-Moulton 
(maximum Bth order)  w i t t i  fourtlr order  KunRc-Kutta tit;rrLt*r, .iid I )  ;I I I  xt*tl sLty, 
s t r e ,  var iab le  orclcr Adanw prc.tl!ctor (m;rxLrnum H order)  w l  [It f o i i r t l i  orc1t-r LI I  
Kunge K u t t a  starter. 
ConLcui of t he  t r a j ec to ry  in t eg ra t ion  by DESOLV is performed using a 
series of in tegra t ion  in t e r rup t  t r i gge r s .  These t r i g g e r s  s a v e  two purposes: 
(1) t o  allow a p r i n t  of the  state a t  var ious t i m e s  during the  t r a j ec to ry ,  and 
(2) t o  allow changes i n  the  equations of motion t o  be  made during the  t r a j e c t o r y  
in t eg ra t ion  (such as termination of t h e  t h r u s t  events  based cn ti-, f u e l ,  
relative ve loc i ty ,  or acce lera t ion)  . The in teg ra t ion  package recognizes the  
d i f fe rence  between these twc types of t r i gge r s ,  and w i l l  restart the  in t eg ra t ion  
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This sec t ion  descr ibes  the f low and operat ion of the  RAGHOP main program. 
Individual  subrout ines ,  t r ea t ed  as "black box" units in t h i s  section, are 
descr ibed i n  d e t a i l  i n  Section V I .  
segments : 
The main program is bes t  descr ibed i n  six 
0 I n i t i a l i z a t i o n ,  
e Trajec tory  i n t e g r a t i a n  and evaluat ion,  
0 Convergence test, 
0 P a r t i a l  de r iva t ive  ca l cu la t ion ,  
0 Parameter irpdate, 
0 P l o t  and table output. 
These six segments are descr ibed i n  d e t a i l  i n  t h e  following paragraphs. 
flow diagram of t he  main program is presented in Figure 5-1. 
A 
5.1 INITIALIZATION 
The main program begins by p r e s e t t i n g  a number of v a r i a b l e s  and cons tan ts  
used In t h e  program. 
variableis. 
v a r i a b l e s  are i n i t i a l i z e d  and the  weighting matrix I s  prese t  t o  an n x n 
i d e n t i t y  matr ix  where n is t h e  number of parameters to  be optimized. 
subrout ine A I I I T  is then c a l l e d  to  read t h e  input  d a t a  for t he  case to  be run. 
This input  d a t a  includes a desc r ip t ion  of t h e  vehic le ,  t h e  type of t r a j e c t o r y  
t o  be flown, t h e  parameters t o  be optimized, and t h e  output  des i red  (see Sec- 
t i o n  Ill). 
is ca lcu la ted  based on which parameters are used. 
Section IX presen t s  t h e  p re se t  values  of all input  
In add i t ion  to  t h e  p re se t  Input va r i ab le s ,  s eve ra l  program con t ro l  
The input  
The maxirmrm allowable parameter change during t h e  opt imizat ion s t e p  
5.2 TRAJECTORY INTEGRATION AND EVALUATION 
The t r a j e c t o r y  i n t e g r a t i o n  and evaluat ion I s  performed by c a l l i n g  AFbRUN 
a04 AF0RND. 
cc-rs t ra int  e r t o r s  and the  payoff are known f o r  a p a r t i c u l a r  parameter se :. 
cons t r a in t  e r r o r s  are t e s t ed  t o  determine whether any exceed the  acceptdble 
l e v e l  in END and f i f t y  times that l eve l .  
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5.3 CONVERGENCE TEST 
A tes t  f o r  ccnvergence is the next s t e p .  A run is  considered converged 
when, using the parameter update at t h e  completion of an optimization s t e p  
scale-factor  search,  t he  cons t r a in t  e r r o r s  are small and the convergence t e s t s  
of subroutine ANFJCH have passed 
test is passed, NMAX is set t o  zero and the t r a j e c t o r y  in t eg ra t ion  is performed 
again t o  obtain a de ta i l ed  p r i n t  of t h e  f i n a l  t r a j e c t o r y  and t o  c r e a t e  a 
t r a j e c t o r y  tape f o r  t h e  p lo t  and t a b l e  rou t ine  i f  they are t o  be used. I f  t h e  
convergence test is not  passed, t he  payoff and t h e  cons t r a in t  e r r o r  values are 
s to red  i n  PHITES f o r  later use as base l ine  values i n  t h e  r e s t o r a t i o n  and o p t i -  
mization s t e p  scal ing.  
(see Sections 111 and V I ) .  If t he  convergence 
5.4 PARTIAL DERIVATIVE CALCULATION 
The Frtial de r iva t ives  of t h e  c o n s t r a i n t  e r r o r s  and the payoff with 
respect  t o  the  parameters are then determined by c a l l i n g  subroutine EADLX. 
U p o ~  the r e tu rn  t o  MAIN, the  p a r t i a l  d e r i v a t i v e s  w i l l  be s tored i n  the a r r a y  
XLAMB. These de r iva t ives  are determined using forward numerical d i f f e rences  
when t h e  cons t r a in t  e r r o r s  are l a r g e  and c e n t r a l  d i f f e rences  when t h e  con- 
s t r a i n t s  ar”? within acceptable convergence limits ‘e.g. a t  the beginning of 
an optimization s t e p  scale-factor  search) .  
5.5 PARAMETER UPDATE 
The parameter update is performed i n  one of two ways: (1) as a cons t r a in t -  
r e s to r ing  s t e p ,  o r  (2) as an optimization s t e p  a f t e r  t h e  c o n s t r a i n t s  are m e t .  
Once the p a r t i a l s  have been obtained, t he  values of the parameters used 
f o r  t h e  last t r a j e c t o r y  (before the  p a r t i a l  d e r i v a t i v e  t r a j e c t o r i e s  i n  BADLX) 
are s to red  i n  the  vector  PARSAV. 
The va r i ab le  NTNTST is checked t o  determinc whether any of t h e  c o n s t r a i n t s  
were g rea t e r  i n  absolute  value than f i f t y  times the allowable l i m i t s  i n  END 
(indicated by NTNTSTI l ) .  I f  NTNTST=l, t h e  r e s t o r a t i o n  s t e p  is  scaled t o  
i s a 
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minimize the t o t a l  cons t r a in t  e r r o r  based on a quadrat ic  assumption f o r  the 
r e l a t i o n s h i p  between a c o n s t r a i n t  performance index and the s c a l e  f a c t o r  DP2. 
I f  NTNTST+l ( ind ica t ing  t h a t  a l l  cons t r a in t  e r r o r s  are less than 50 times the 
acceptable l i m i t s )  t he  r e s t o r a t i o n  s t e p  is not scaled.  
rout ine ANEWCH is ca l l ed  t o  cLlculate  t he  matrix products and inverses  required 
i n  the parameter update. 
cons t r a in t  e r r o r s  are n. 
s t e p  search,  t h i s  cal l  t o  ANEWCH (with DP2~1.1 is a l s o  used t o  perform a 
permanent parameter update and the  flow r e t u r n s  t o  the t r a j e c t o r y  i n t e g r a t i o n  
of Paragraph 5.2. 
For e i t h e r  case sub- 
When the r e s t o r a t i o n  s t e p  is not scaled and the 
y e t  s u f f i c i e n t l y  small  t o  perform an o p t i a i z a t i o n  
When s c a l i n g  of the r e s t o r a t i o n  s t e p  is required,  subroutine ANEKCH is 
ca l l ed  with DP2t.1, a temporary parameter update is performed, and the  trejec- 
tory is run i n  order  t o  ob ta in  the value of a cons t r a in t  performance index. 
This value serves as a d a t a  point  i n  c a l c u l a t i n g  the  value of the aca l e  f a c t o r  
(DP2) t h a t  minimizes the performance index f o r  use i n  the permanent parameter 
update. 
t h e  scale f a c t o r  f o r  the purpose of t h i s  scal ing.  After performing the  
parameter update with the  calculated scale f a c t o r ,  t he  f low r e t u r n s  t o  the 
t r a j e c t o r y  in t eg ra t ion  of Paragraph 5.2. 
A quadra t i c  r e l a t i o n s h i p  is assumed between the Performance index and 
I f  a l l  Zonstraint  e r r o r s  are less than t h e  acceptable l e v e l s  f o r  a con- 
verged run, t h e  optimization s t e p  scale-factor  (QY) search is begur.. 
of QY which w i l l  produce a minimum acceptable parameter change is found and 
used as t h e  s t a r t i n g  value f o r  t h e  search. 
i n  the  machine "noise" region with very sma3.1 parameter changes which might 
r e s u l t  from an a r b i t r a r i l y  small s t a r t i n g  value f o r  QY. The parameter update 
is performed and a composite payoff index is checked f o r  improvement over t h e  
base l ine  value a t  t h e  beginning of t h e  search. 
index is passed, and a t  least t h r e e  values of QY have been t r i e d ,  a curve f i t  
scheme p r e d i c t s  t h e  value of QY which y i e l d s  t h e  minimum. If t h e  minimum has 
been passed with t h e  t h i r d  d a t a  point ,  a quadrat ic  f i t  f o r  QU is made. 
a f t e r  t h ree  valuee of (ZY have been t r i e d ,  t he  payoff index is still decreasing, 
The value 
This is done t o  e l iminate  searching 
When t h e  minimum of the  payoff 
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the  value of QY i s  repeatedly increased u n t i l  an unacc9ptably l a rge  parameter 
change o r  cons t r a in t  e r r o r  is obtained or u n t i l  t he  minimum is passed, w i t h  
the most recent  four da t a  poin ts  (QY and payoff index) re ta ined  . - each s t ep .  
When the  payoff ipdex increases ,  ( ind ica t ing  t h a t  the minimum has been 
passed) o r  af ter  t h e  quadra t ic  f i t  mentioned above when the  minimum th ree  
data poin ts  are use0 t o  p red ic t  QY (which is  then used t o  produce a four th  
po in t ) ,  a cubic polynomial is used t o  estimate the  peak value of QY. This 
value is then used t o  produce another d a t a  po in t ,  t h e  f i r s t  po in t  i s  dropped, 
and t h e  cubic  f i t  repeated one t i m e .  
t o  permanently change the  parameter set with the  f i n a l  value of QY and f l o w  
re turns  t o  the  t r a j e c t o r y  in t eg ra t ion  of Paragraph 5.2. The value of QY i n  
subsequent r e s t o r a t i o n  s t e p s  w i l l  be zero. 
(before  the  minimum is found) i f  t h e  test parameter change ( W 0 l  o r  t h e  last 
optimized TAUT) becomes too  l a r g e  or i f  t h e  e r r o r  i n  t h e  rad ius  vector  a t  
i n s e r t i o n  is g rea t e r  than 1000 meters. 
The parameter update scheme is  then used 
The search i s  terminated aa r ly  
5.6 PLOT AND TABLE OUTPUT 
Once a converged run is obtained, o r  when the  maximum number of i t e r a t i o n s  
has  been reached, a test is made of the  input  va r i ab le  NTABLE t o  determine 
whether special output tables (NTABLEII) o r  plots (NTABLEa.2) or  both (NTABLEc3) 
are des i red .  If t ab l e s  are des i red ,  subrout ine BOPTBL is  ca l l ed .  If p l o t s  
are des i red ,  subrout ine BOPPLT is ca l led .  The input v a r i a b l e  LAST i s  then 
decremented (LASTaLAST-1) and checked fo r  mult iple  cases  (LAST>O). If another 
case i s  to  be run, the  flow re tu rns  t o  t h e  i n i t i a l i z a t i o n  of Paragraph 5.1:  
otherwise the  program stops.  
i 
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Section V I  
SUB ROUT1 NE D ESC R l  PTIONS 
. .  
' .  
T h i s  s ec t ion  descr ibes  i n  d e t a i l  t h e  subroutines ( w i t h  exception of the 
in tegra t ion  package) used i n  t h e  RAGMOP program. 
func t iona l  flow is given as a word descr ip t ion  and a macro-flow diagram. 
in tegra t ion  package subroutines D P I R ,  DESPLV, and RTMRK a r e  not  presented i n  
a de ta i led  fashion s ince  documentation for these rout ines  is ava i l ab le  i n  
reference 17. 
For each subroutine,  the 
The 
6.1 ALPHABETICALLY ORDERED LIST OF SUBROUTINE NAMES AND FUNCTIONS 
Subroutine Name Function 
ACSTQP 
ADER Evaluates the  s ta te  der iva t ives .  
ADERl 
AF@RND Controls the c a l l  t o  ACSTflP t o  determine terminal con- 
Evaluates the payoff and determines the  value of termi- 
na l  and intermediate  equa l i ty  cons t ra in ts .  
Evaluates time dependent va r i ab le s  used i n  ADER. 
d i t ions ,  computes e r r o r s  from desired values ,  and 
p r i n t s  terminal summary. 
Controls the s e t u p  log ic  f o r  t he  t r a j e c t o r y  in t eg ra t ion  
and c a l l s  t he  in t eg ra t ion  package. 
ANRUN 
AGE0 Evaluates ob la t e  g r a v i t a t i o n a l  proper t ies .  









Reads input  da ta ,  performs i n i t i a l i z a t i o n .  
Trigger rodt ine  f o r  10 km and 14  km a l t i t u d e  pr in tout .  
Trigger rout ine  f o r  MACH * 1 pr in tout .  
Linear i n t e rpo la t ion  scheme. 
Evaluates the  optimization and r e s to ra t ion  s t e p  equations 
t o  f ind  the  required changes i n  the  con t ro l l i ng  param- 
eters. 
Performs output ed i t i ng ,  p r i n t s  da t a ,  and writes output 
tape f o r  output t a b l e s  and p l o t s .  
Trigger rout ine  f o r  maximum dynamic pressure pr in tout .  
Determines the f lyback range using empir ical  data 
in t e rpo la t  ion. 
Thrust  event cont ro l  rou t ine ;  sets up vehic le  geometry, 
aerodynamics, number of engines,  t h r u s t  l i m i t s ,  flow- 
rates, and t r igge r  f l a g s  f o r  t h r u s t  event cu tof f .  





























Trigger rout ine  f o r  end of v e r t i c a l  r i s e  (begin t i l t  
over o r  a t t i t u d e  cont ro l ) .  
AMACH, AQMAX, AXPRT, AND GLIMT, are contained within t h i s  
subrout ine as en t ry  points .  
Trigger rout ine  f o r  normal p r in tou t .  
Determines the  inf luence coe f f i c i en t s  ( p a r t i a l  deriv- 
a t i v e s )  f o r  computation of the changes i n  the 
con t ro l l i ng  parameters. 
Generates output p l o t s  on CALCOMP p l o t t e r .  
Generates output t a b l e  summary. 
Evaluates the p i t c h  and yaw a t t i t u d e  polynomials. 
Tt.2 subrout ines  AKALT, 
*Integrat ion package 
Determines a t t i t u d e  po1:momials basad on a t t i t u d e  
h i s t o r y  information. 
Trigger rout ine  f o r  acce?era t ion  l i m i t  p r in tou t .  
Performs matrix inversion.  
t i m e  
Determines parameter update s t e p  during one dimensional 
search. 
Evaluates the atmospheric parameters as w e l l  as t h e i r  
p a r t i a l  der iva t ives  w . r . t .  a l t i t u d e  using the  s p l i n e  
in t e rpo la t ion  method of subrout ine SPLINE. 
Part of i n t eg ra t ion  package which f l a g s  termination of 
the  t r a j e c t o r y  in tegra t ion .  
In t e rpo la t ion  rout ine  using SPLINE method f o r  aerodynamic 
coe f f i c i en t s .  ** 
In t e rpo la t ion  rout ine  using SPLINE method f o r  SRM 
t h r u s t  and weight drop tables**. 
Linear scheme used i n  ASIMP f o r  determining s lope of the  
dependent va r i ab le  w. r . t , t he  independent var iab le .  
T r iva r i an t  lookup (of flyback range) f o r  ASIMP. 
6.2 ALPHABETICALLY ORDERED LIST OF SYSTEM SUBROUTINE NAMES AND FUNCTIONS 
Subroutine Name 9 Function 
AC0S Determines arccosine (rad) .  
AINT 
AL0G 
*Documentation of the integ,natwn package can be found i n  reference I?. 
**See Appendix C fo r  further information ooncerning interpolat ion techniques. 
Truncates real va r i ab le s  t o  in teger  form. 
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Subroutine Name 





















Determine the logarithm of a va r i ab le  (base 13). 
Se lec t s  maximum value from argument l h t .  
Determinee a rc s ine  (rad) 
Determine arctangent based on one argument 
n n - -  < 0 5 7 2 -  
Determine arctangent based on two arguments - IT 2 0 5 IT (rad).  
CALCOMP system routitre, draws a x i s  with "tic" marks and 
scales a t  every inch. 
( rad) .  
CALCOMP p l o t t e r  routine: 
frame and end t h e  cu r ren t  p l o t  f i l e .  
CALCOMP p l o t t e r  rout ine:  
uses i n t e r f a c e  package, 
Determines the cosine of the  argument. 
Double precis ion COS 
Double przcieion SIN. 
Double precis ion SQRT. 
Exponential function. 
CALCOhP p l o t t e r  rout ine:  
sa t  of points.  
Variable format input rou t ine  t h a t  reeds d a t a  cards and 
p l aces  the valuers i n  t h e  proper conunon blocks. 
CALCOMP p l o t t e r  rout ine:  movee pen t o  a new coordinate 
poe i t i on ,  or ee t ab l i shee  a new reference pos i t i on .  
CALCOMP p l o t t e r  rout inet  obtains  maximum and minimum 
s c a l e  values t o  a d j u s t  p l o t  v d u e e .  
Determines the ainz of the argument 
Determinee the  square r o o t  of the  argument. 
CALCOMP p l o t t e r  rout ine:  
spec i f i ed  posi t ion.  
p l o t  an ending i d e n t i f i c a t i o n  
I n i t i a l i z e s  the CALCOP p l o t t e r  
p l o t s  a l i n e  o r  curve from a 
draws a symbolic l a b e l  a t  a 
4.3 O O t A l l l D  DtGCRIPTlON O f  ~ U I R Q U t l N I I  
The following ?eragraphs descr ibe each subroutine i n  d e t e i l .  I 
? 
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Fu nc t i on 
Payload (or f i n a l  mass) 
I n e r t i a l  velocity 




I n e r t i  a1 longitude 
I n e r t i a l  heading angle 
Colatitude 
Inc l  i na t i on 
Lirle o f  nodes 
Semi 1 i '1s rectum 
Eccentri r.1 t y  
6.3.1 ACSTQP 
Subroutine Iden t i f i ca t ion  
0 T i t l e  
ACSTgP 
0 Call ing sequence 
CALL ACSTQP (M,VALE,I), where M - option f l a g  see Table 6-1 
VALE - value of option used 
I - not used. 
Function 
Evaluates the  payoff and determines the  value3 of the  terminal and 
intermediate equa l i ty  cons t ra in ts .  
ACSTQP a l s o  provides the  ana ly t i ca l  p a r t i a l  der iva t ives  of the cone t r a i n t s ,  
with respect t o  the  s ta te  var iab les  whev. C i m - !  b u n  time is a parameter and 
payload (as  oppoued t a  final mass) is n J t  . r , . i.?t or  payoff. 
Functional Flow 
Callod by the subrout ine AF0RND a i  :he .-nd 1- . : ra jectory in t eg ra t ion  
t o  eva lua te  the  cur ren t  payoff and to  d~..-,r:z*.nr : a t 1  =Y of t h e  t t  t .  i n a i  and 
intermediatx constrainto.  
the  ca l cu la t ion  require; a f  the  rout ine ,  and \,LE denotes the  value produced 
by t h a t  ca lcu la t ion .  
The c a l l i n g  argulntiat, M, of t he  subroutine denotes 
The options f o r  M are defined i n  Tab1 5 - 1 -  
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Table 6-1. (Conciuded) 
, .  
- -  -. . .- 
Bum Time 
Maximum dynamic pressux 
True anomaly 




The value of M I s  determined by input of the integer variables 
and KQXES. 
KCDPHI 
AC=rOP also provibes the analytical prtial derivatives of the constraints 
w i t h  respect to the state variables when final bum time is a parametric and 
pawload (as opposed to final mass) is not a cmstraint QK payoff. 

















Subroutine Idell t if  i c a t i o n  
0 T i t l e  
ADER 
0 Call ing Sequence 
L L E E R  
Function 
Evaluates the  state d e r i v a t i v e s  
Functional Flow 
Callcd by the  subroutines AF0Bubl, ATBREV, and t h e  intzgrat ior ,  roucine 
(DPIR) t o  c a l c u l a t e  the values and d e r i v a t i v e s  of v a r i a b l e s  which are not  
t o t a l l y  dependent cn  t i m e .  
of t he  vehicle ,  t h e  mass of t h e  vehicle ,  t b e  t h r u s t ,  propel lant  f lowrate ,  t he  
aerodynamic fo rces  and moments, t he  t h r u s t  vector ing required t o  balance 
moments, angle-of-attack, s i d e s l i ?  angle, dynamic pressure -ad its deriv- 
ati-qes, and t h e  a t t i t u d e  requireme3ts when an angle-of-attack h i s t o r y  is 
spec i f i ed  or when intermediate  c o n s t r a i n t s  of qa or qS are exceeded. 
These incmde  the  cu r ren t  v e l o c i t y  and acce le ra t ion  
The first p a r t  of t he  subroutine f i n d s  the sagnitudes of t he  veh ic l e  
pos l t i on  and ve loc i ty  vectors.  
c a l l i n g  subrout ine AG.%. The a l t i t u d e  is found using e i t h e r  an o b l a t c  or :I 
sph - Icz l  e a r t h  modcl, as desired.  The i n e r t i a l  ve loc i ty  of the atmosphere 
a t  the cur ren t  veh ic l e  a l t i t u d e  due LO t he  r o t a t i o n  of the  e a r t h  is ca:culated, 
dnd wind b i a s  values  ( i f  any) are added. 
I n e r t i a l  ; re!oci ty  and thaL of the atmosphere is then used t o  demtmine the  
i c l ~ i t  Ivc-  wl~u- l  t v .  'I'lw ; ~ ~ i ~ n v p l r r * r I t -  rLwt Lne. PRAhJ, is ca l l ed  t o  determine t h e  
ptxwmu e .  J P I I P I  t y ,  s p v 4  ot  wild, and p a r t i a l  d e r i v a t i v e  of densi ty  w . r . t .  
a l t i t u d e  a t  t he  current  a l t i t u d e .  Mach number is calculated and used €or the  
in t e rpo la t ion  of the aerodynamic fo rce  and moment c o e f f i c i e n t s .  
uue t o  Lase prc.ssLre is then determfned by ince rpo la t ioa  based on cu r ren t  
a l t i t u d e .  
r e l a t i v e  veloci ty .  
coordinated turn requirements or transformlug t h e  components of t h e  r e l a t i v e  
The g r a v i t a t i o n a l  acce le ra t ion  is found by 
The d i f f e rence  betweer. thc veh'-'..'s 
Axial fo rce  
Dynamic r'essure, q, is determined based on t h e  dens i ty  and the  
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ve loc i ty  i n t o  the body axis system. 
examined r c  determine whether an angle-of-attack p r o f i l e  is required.  
valiies of the s t r u c t u r a l  loa3 ind ica to r s ,  qa and q8, are checked t o  determine 
v io l a t ion  of input constraints .  I f  t h e  va r i ab le s  v i o l a t e  t h e  c o n s t r a i n t s ,  a 
and/or 8 arz set eLrlal t o  the constrained values and the  values  of p i t c h  and/ 
o r  vaw a t t i t u d e  are calculated t o  s a t i s f y  the cons t r a in t  r e l a t ionsh ips ,  or t h e  
desired p r o f i l e ,  ckerr iding predetermined values. 
The value of t h e  input va r i ab?e  FACT is 
The 
The next  port ion of the  subroutine calculates t h e  aerodynamic and t h r u s t  
Aercdyriamic force and moment coef- forces  and moments ac t ing  on the vehicle. 
f i c i e n t s  are found using the  zero angle-of-attack c o e f f i c i e n t s ,  t h e  s lope of 
c c e f f i c i e n t s  w.r.t. angle-of-attack o r  s i d e s l i p ,  and t h e  aerodynamic moment 
a m .  
body axes. 
The aerodynamic forces  and moments are ca lcu la t ed  with respect  t o  t h e  
The value of the t h r c s t  at t h e  current  a l t i t u d e  is found and t e s t i d  f o r  
order of magnitude. I f  the t h r u s t  i s  too low ( a r b i t r a r i l y  cho-en 10,000 
newtons) o r  no moment balance is required,  t h e  moment b a l a c o ,  siheme is by- 
passed. I f  s u f f i c i e n t  t h r u s t  exists, and moment balance t .  r r au i r ed ,  t he  
t h r u s t  components needed t o  balance t h e  moments are found d 2 ~ m d i n g  on the 
type of moment balanc? as given by t h e  input  va r i ab le  ~ A L .  
engine equivalent  is used i n  t h e  moment halance scheme f o r  t h e  c o n t r o l l a b l e  
engines regardlcss  of the a c t u a l  numbzr of engines. 
l i m i t i n g  J: requirsd,  s p e c i a l  calcu1;tions are made t o  determir.e t h e  t h r u s t  
requirements and propel lant  f lowrate  of t h e  main (o rb i t e r )  engines. 
l i q u i d  f u e l  enp'.nes are t h r o t t l e d ,  and these are t h r o t t l e d  only t o  zero t h r u s t .  
I f  t h e  SRM t h r u s t  alone calrses the g-limit t o  be exceeded no f u r t h e r  ac t ion  
is taken. 
A two- 
I f  w c e l e r a t i o n  (g) 
Only 
Tho t o t a l  forces  ac t ing  on t ~ e  vehicle  are calculated and transformed 
t o  t h e  i n e r  plumbline s y s t e m .  Total  acce le ra t ion  In the  plumbline s y s t e m  
is  found by summation of t he  aerodynamic, t ' .rust, and g r a v i t a t i o n a l  accelerat ions.  
The f i n &  por t ion  of t he  subrcut ine ca l cu la t e s  t he  de r iva t ives  of t h e  ve loc i ty  
losses and of the dynamic pressure.  
tire vplozi ty  loss equations).  











Sub rout ine Des c r i p  t ion  
0 T i t l e  
ADERl 
a Calling Sequence 
CALL ADERl 
Function 
Evaluates time dependent va r i ab le s  used i n  ADER. 
Functional Flow 
Calculates all t i m e  dependent va r i ab le s ,  i.e. t h r u s t ,  weight, and a t t i t u d e  
control  values. 
by the  i n t e g r a t i o n  package. 
of each in t eg ra t ion  t i m e  s t e p  and c a l l e d  before  ADER, s i n c e  calculcitions 
i n  ADER r equ i r e  values computed i n  ADERl. 
The subroutine is c a l l e d  i n i t i a l l y  by -RUN and subsequently 
This subroutine must be c a l l e d  a t  the  beginning 
The f i r s t  s t e p  of t h i s  subroutine is to  zest t o  see i f  SRM engines are 
being used. If so, the  value of SRM t h r u s t  and weight loss are determined 
from SPLINE i n t a -po la t ion  of t i m e  dependent tables .  The value of t h e  pro- 
p e l l a n t  f lowrate f o r  t he  l i q u i d  engines i s  s t o r e d  i n t o  t h e  va r i ab le  DVAR(7) 
f o r  i n t eg ra t ion  of mass l o s s .  
l i f t o f f  phase has been terminated (KSb2) - and i f  so, t he  appropriate  a t t i t u d e  
values are found. F ina l ly  the locat ion of t5e center-of-gravity a t  the 
present vehicle  weight is  found, ; s  are t h e  d i s t ances  of the engine gimbal 
points  from t h e  present  center-of-gravity pos i t i on  and seve ra l  r e l a t i o n s  
among these dis tances  used i n  the ncoment balance equations.  




Functional Flow Diagram of ADERl 
DETERqINE SRM 




2 n xpsxy = ao+alt+a2t +. . .+ant 
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6.3.4 AFQRNQ 
Subroutine I d e n t i f i c a t i o n  
T i t l e  
AF0RMD 
0 Call ing Sequence 
CALL mRND 
Function 
Controls t h e  ca l l  t o  ACSTdP t o  determine terminal c o n d i t i o w ,  cornptes 
e r r o r s  from desired v a h e s ,  and p r i n t s  terminal 5.. mary. 
Functional Flow 
AF(6m is ca l l ed  a t  the end of each t r a j e c t o r y  run. The subroutine 
1 .c?cks the cons t r a in t s  by c a l l i n g  t h e  subroutine ACSTOP f o r  the payoff and 
terminal c o n s t r a i n t s  requested by i t p u t  and evaluates  the d i f f e rences  between 
i h e  des i r ed  terminal values and t h e  a c t u a l  values.  I f  AF$R!!D has been c a l l e d  
~y a D L X  (indicated by L S b 1 )  the  cons t r a in t  e r r o r s  are evaluated and returned 
t o  W L X  t o  c a l c u l a t e  inf luence c o e f f i c i e n t s .  
MAIN (LSBPO) an add i t iona l  t r a j e c t o r y  summary p r i n t o u t  is printEd and returned 
t o  MAIN. 
I f  AFrdRNJl has been ca l l ed  5y 
i 
i 
i "  
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Functional Flow Diagram of AFdRND 
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ACSTOP 
CALL FOR PAYOFF 
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Subroutine Iden t i f i ca t ion  
0 T i t l e  
AF0RuN 
0 Call ing Sequence 
CALL @@RUN 
Function 
AF0RUN con t ro l s  the  setup log ic  f o r  the t r a j e c t o r y  in tegra t ion .  
Functional Flow 
Cal l ing the  AFQRUN subrout ine i s  synonymous to  c a l l i n g  the  in t eg ra t ion  
of the  t r a j ec to ry  from t h e  i n i t i a l  conditions to  termination. The subrout ine 
is ca l led  e i t h e r  from M A I N  o r  from BADLX. 
The @@RUN subrout ine f i r s t  ca l cu la t e s  a transformation matrix f o r  
r o t a t i o n  from an i n e r t i a l  equa to r i a l  coordinate sys t em t o  the  i n e r t i a l  plumb- 
l i n e  system. I f  t h e  t r a j e c t o r y  is i n i t i a t e d  at  l i f t o f f  (JUMP=l), the com- 
ponents of the  rad ius  and ve loc i ty  are determined. For JW>l, the r ad ius  
and ve loc i ty  vectors  are i n i t i a l i z e d  by plumbline-state components s tored  i n  
the  input  a r r ay  V I V .  After  i n i t i a l i z a t i o n  of s eve ra l  var iab les ,  t r i g g e r  
values  are set fo r  the  in t eg ra t ion  package f o r  p r i n t ,  t h r u s t  events ,  t i l t - o v e r  
t i m e ,  d i s c r e t e  a l t i t u d e s ,  maximum dynamic ) ressure ,  Mach number equal t o  1, 
and acce lera t ion  l i m i t s .  I n i t i a l i z a t i o n  of the t r a j ec to ry  is performed by 
f i r s t  c a l l i n g  the  subroutine ATHREV t o  determine the  veh ic l e  geometry, t h r u s t  
l eve l s ,  p rope l lan t  f lowrate ,  aerodynamics, i n t eg ra t ion  s t e p s ,  t h r u s t  event 
t r i g g e r s ,  e t c .  
values of de r iva t ives .  The subrout ine URTh I s  then ca l l ed  with the  header 
t i t l e  " l i f t o f f " .  
D E R 1  and ADER respec t ive ly ,  a r e  called t o  determine the  i n i t i a l  
The in t eg ra t ion  package is  ca l l ed  and the t r a j ec to ry  is i n t eg ra t ed  t o  
termination. A check fo r  i n t eg ra t ion  e r r o r  (KERR#O) is made. I f  no e r r o r  has 








error message "fNTEGRATI@N ERROR DUWED" I s  printed. 
Functional Flow Diagram of AF0RUN 
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0 Calling sequence 
CALL AGE0 
Function 
Evaluates oblate gravitational properties 
Functional Flow 
This subroutine is  used for calculation of t e r n  necessary for determining 
the gravitational accelerations when the oblate model i s  required. 
Functional Flow diagram of AGE0 -- 
START 7 1 















AINIT reads input data, an- performs initia 
Functional Flow 
zat ion. 
Subroutine AINIT initializes variables and calls for NAMELIST input. 
3-fter calling the input, specific values are converted to MKS system and most 
angles converted to radians. 
of constraints are checked and counted to insure being within the current 
program limits (ten parameters and ten constraints). Initial (iaunch or jump- 
start) values of the state variables and environmental terms are determined. 
The NAMELIST input is then printed for reference. 
The number of optimized values and the number 
Functional Flow Diagram of AINIT 
START 
I DATA CONVERSION I 
t 
VARIABLE 
I N I T I M l Z A T I O N  
6-1 7 
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6.3.8 AKALT 
Subroutine Identification 
0 Ti t le  
AKALT (Entry point i n  ATILT) 
0 Calling sequence 
CALL AKALT 
Function 
T r i g g e r  routine used for 10 km and 14 km alt i tude printout. 
Functional Flow 
This subroutine is  cal led by the integration package when the vehicle  
alt i tude reaches 10 and 14 kilometers. The subroutine APRTN i s  called to  
print the s tate  variables with special  printouts of "10 KMS." or "14 WS." 
Functional Flow Diagram of AKALT 
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6.3.9 'AMACH 
- Subroutine Identification 
0 T i t l e  
AMACH !Entry point in ATILT) 
0 Calling sequence 
CALL AMACH 
Function 
Trigger routine for MACH-1 Frintout. 
Functional Flow 
This subroutine is  called when the Mach number is  eqoal t o  1 .  The 
subroutine APRTN is  cal led to prlr: the s ta te  variables with special  printout 
of "'(ACH ONE". 
Functional Flow Diagram of AMASH -
I START 1 
+l TURN OFF 






Subroutine Iden t i f i ca t ion  
0 T i t l e  
AMULG 
0 Cal l ing  sequence 
C;'L - W L G  (L,M,N,X,XT,Yl, YlT,Y2,Y2T), where 
L - number of dependent va r i ab le s  (1  o r  2) 
W 
N 
X - independent var iab le  
XT - independent va r i ab le  t a b l e  
Y l  - f i r s t  dependent va r i ab le  
Y1T - f i r s t  dependent va r i ab le  t a b l e  
Y2 - second dependent va r i ab le  
Y2T - second dependent va r i ab le  t a b l e  
- previous value used i n  t a b l e  loca t ion  
- number of poi?:s i n  t a b l e  
Function 
Linear i n t e rpo la t ion  scheme 
Functional Flow 
(see appendix B) 
Functional Flow Diagram of AMULG 
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6.3.11 ANEWCH AND NNEWCH 
Subroutine I d e n t i f i c a t i o n  
0 T i t l e  
ANEWCH; note tha t  NNEWCH is an en t ry  point i n  ANEWCH. 
0 Call ing sequence 
CALL ANEWCH o r  CALL NNEWCH 
\ 
Function 
Evaluates t h e  parameter update equations t o  f ind  t h e  required changes 
i n  t h e  con t ro l l i ng  parameters. 
Functional Flow 
This subroutine uses t h e  inf luence c o e f f i c i e n t s ,  cons t r a in t  e r r o r s  and 
t h e  payoff values t o  determine t h e  amount of change required i n  each con t ro l l i ng  
parameter t o  meet t h e  c o n s t r a i n t s  and optimize t h e  payoff. 
I n i t i a l l y ,  the matrix of inf luence c o e f f i c i e n t s  is adjusted such t h a t  
those required i n  t h e  optimization are relocated t o  the  upper l e f t  port ion of 
t h a t  t o t a l  matrix. I f  two QY searches (see Section 111) have no t  been 
i n i t i a t e d  (Indicated by NgSRCH < 2) a weighting matrix is determined which 
allows a l l  va r i ab le s  t o  have similar weights; otherwise, t h e  previous weighting 
matrix is  used. The I matrix is ca l cu la t ed  as t h e  product of t he  transpose 
of the cons t r a in t  influence c o e f f i c i e n t  matrix, t h e  weighting matrix, and the 
cons t r a in t  inf luence c o e f f i c i e n t  matrix.  The I vector  is calculated as the 
product of t he  first two marrices used t o  form I 
c o e f f i c i e n t  vector.  
$$ 
$4 
, and the payoff influence 
$9 
The inverse of t h e  I matrix is calculated by c a l l i n g  MATfNV and the  
6J, 
r e s u l t  i s  mde symmetric by averaging across  the  leading diagonal. The product 
-1 
is found and the  program flow proceeds t o  f ind  t h e  amount of con- 
*$$ I+$ 
t r o l l i n g  parameter correct ion desired t o  optimize the payoff and/or the amount 
desired t o  n u l l  cons t r a in t  e r r o r s .  The con t ro l l i ng  parameter changes, dB, a r e  
then computed (see Section 111) and added t o  t h e  appropriate  parameters. 
test f o r  convergence is made. 
A 
I f  the desired convergence ind ica to r  tolerances 
- 1  
6-22 
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F 
are s a t i s f i e d ,  t h e  required change i n  each parameter is small, and LSB is not 
equal t o  1, t h e  l o g i c a l  va r i ab le  "BETaN" is 8et TRUE and the  i n t e g e r  N0Mi is 
set equal t o  1. 
and con t ro l  is re turned t o  t h e  c a l l i n g  rout ine.  
I f  these  condi t ions are not m e t ,  "BETaN" is set FALSE 
The ent ry  poin t  N N I M H  is c a l l e d  when a one-dimensional search is 
required,  which does not r equ i r e  r eca l cu la t ion  of t h e  matrix products. 
Functional Flow Diagram of ANEWCLt and NNEWCH 
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6.3.12 APRTN 
Subroutine Iden t i f i ca t ion  
0 T i t l e  
AF'RTN 
0 Call ing Sequence 
CALL APRTN (NN) , where 
NN - s p e c i f i e s  the  e x t r a  i d e n t i f i c a t i o n  p r in tou t .  
Function 
Performs output ed i t i ng ,  p r i n t s  da ta ,  and creates tape f i l e  used f o r  
output t a b l e s  and p lo t s .  
Functional Flow 
Subroutine APRTN is  a p r i n t  subroutine ca l l ed  by subrout ines  ATHREV, 
ATILT, AMACH, AQMAX, AXPRT, GLIMT, AFQRUN, and AKALT. 
ca l led  during an inf luence coe f f i c i en t  determination run (LSE=l), 3n i m e d i a t e  
re turn  is made; otherwise, t h e  program checks t h e  value of LPRINT (see Tabie 6 
fo r  an explanat ion of t he  LPRINT options) t o  determine t h e  amount and frequency 
of pr in ted  information des i red .  The subrout ine ca l cu la t e s  t h e  variables 
desired i n  t h e  p r in tou t  which have not  been defined through con.mon block 
s torage  and converts those which have to  the  des i red  u n i t s  of output .  
p r i n t  is made with a l a b e l  determined by che va r i ab le  NN. 
of the  value of NTABLE t o  determine i f  t ape  output is des i red .  i f  no t ,  t he  
program re tu rns  t o  the  c a l l i n g  subroutine.  
pe r t inen t  d a t a  is s tored  on tape un i t  9. 
I f  t he  subrout ine is  
The 
A check is made 





Functional Flow Diagram of APKTN 
YES +RETURN I 
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Subroutine Iden t i f i ca t ion  
0 T i t l e  
AQMAX (Entry poin t  i n  ATILT) 
0 Cal l ing  sequence 
CALL AQMAX 
Function 
Trigger rout ine  for maximum dynamic pressure  p r in tou t .  
Functional Flow 
Subroutine AQMAX is a p r i n t  t r i g g e r  rout ine  ca - l ed  by the in t eg ra t ion  
package when the time de r iva t ive  of t he  dynamic pressure is zero,  i . e . ,  a t  
t h e  poin t  where maximum dynamic pressure  occurs.  The rou t ine  turns  the 
t r i gge r  off, and p r i n t s  t h e  state va r i ab le  with a s p e c i a l  p r in tou t  of "Q 
MAXIMUM". 
Functional Flow Diagram of AQMAX 
1-1 
TURN TRIGGER I OFF , 1 










0 Calling sequence 
CALL ASIMP 
Function 
Determines the flyback range using empirical data interpolation. 
Functional Flow 
The subroutine ASIMP is used t o  determine the flyback range based on the 
alt i tude,  re lat ive  velocity, and relative flight-path angle at  booster staging. 
A trivariant interpolation* is used t o  determine the flyback range based on 
empirical data. 
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6.3.15 ATHREV 
Subroutine Iden t i f i ca t ion  
0 Tit le  
ATHREV 
0 Call ing Sequence 
CALL ATHREV 
Function 
Thrust event cont ro l  rout ine,  sets up veh ic l e  geometry, aerodynamics, 
number of engines, t h rus t  l e v e l s ,  f lowrates,  and t r i g g e r  f l a g s  f o r  t h rus t  
event cu tof f .  
Functional Flow 
Subroutine ATHREV is ca l l ed  a t  the  beginning of each t h r u s t  event e i t h e r  
by AF0RUN before the  in t eg ra t ion  starts or  by the  in t eg ra t ion  package during 
the  t r a j ec to ry  run. 
number of engines, t h r u s t  levels,  f lowrates ,  etc., f o r  the  ensuing t h r u s t  
event. 
by c a l l i n g  the subrout ine RTMRK. 
This subrout ine sets up the  vehic le  geometry, aerodynamics, 
ATHREV a l s o  s tops  the  in tegra t ion  a t  the  end of the l a s t  t h r u s t  event 
\ 
ATHREV f i r s t  determines which th rus t  event is baing i n i t i a t e d  from the 
value of ITHR. 
equal t o  one and the  f i r s t  s t age  center-of-gravity,  engine gimbal pos i t ion ,  and 
aerodynamic da ta  are entered i n t o  t h e  t ab le s  used i n  the  ca lcu la t ions ,  and the 
first dtage p i t ch  and yaw a t t i t u d e  polynomials are determined. 
grea te r  than one, the  value of LSTGE (ITHR) 1s checked t o  see i f  i t  d i f f e r s  
from t n e  previous t h r u s t  event (ITHR-l), i nd ica t ing  t h a t  s tag ing  has occurred 
a t  the end of the  l as t  event.  I f  s taging has occurred, the  second s t age  c e n t e r -  
of-gravity,  engine gimbal, pos i t ion ,  and aerodynamic da ta  a r e  entered i n t o  the 
working t ab le s ,  the flyback f u e l  required is ca lcu la ted  i f  desired,* and the  
second s t age  p i t ch  and yaw a t t i t u d e  polynomials are determined. 
et t i te  a t  Htrigl i ig  i n  HIorc-il I1 tlrr c*iirrt.nI t rtrJuc.tciry I i i~vgrr i t  Ion 1 . 1  IIOI 1 1 , i t !  ( 1 1  
lhe Inf luenc-e coef f ic ient  ca l ru l a t ion  or the o p t j m i  m t  loi i  s t e p  nenrc.li. 
I f  the f i r s t  event is being i n i t i a t e d  ( l i f t o f f )  ITHR w i l l  be 
I f  ITHR is 
\ 
Also, t h e  
I 
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Pr in tout  i s  required i f  t he  value of ITHR i s  n a t  equal  t o  (JUMP-1). A test 
is then made to  determina i f  t he  previous t h r u s t  event was the  l a s t  event re- 
quired (by the  va r i ab le  NVNT). I f  rhe f i n a l  t h r u s t  event has been completed, a 
check is made t o  determine i f  t h e  rout ine  is being executed during an inf luence  
coe f f i c i en t  t r a j e c t o r y  ( L S B = l ) .  I f  no t ,  t he  subrout ine ca l l s  APRTN Eor a f i n a l  
p r in toc t  using t h e  header "INJECTION" and s t o r e s  the  s t a t e  de r iva t ives .  
Whether or  not  t h e  LSB var i ab le  is equal  t o  1, t h e  f i n a l  cutoff  weight i s  cal- 
culated and the  subrout ines  ADERl, ADER, and APRTY are called fo r  L( f i n a l  pass  
through the  equations of motion and a f i n a l  p r in tou t .  A ca l l  t o  the  rout ine  
RTMRK terminates the  in t eg ra t ion  package t o  r e tu rn  t o  t h e  subrout ine AF0RUN. 
I f  the  f i n a l  t h r u s t  event has  not  been completed, s e l ec t ion  of cutoff  
t r i g g e r s  is made by the  input  va r i ab le  MSWCH (see input  sec t ion) .  
s t e p  s i z e ,  p r i n t  s t e p  s i z e ,  e x i t  area, propel lan t  f lowrate  and t h r u s t  are 
calculated for  t he  t'!rust event and a test is made t o  see i f  ITHR is equal t o  
1. I f  ITHR-I. t h e  program flow is  returned t o  t h e  c a l l i n g  rout ine ,  AF0RUN. 
I f  IT!IR is g rea t e r  than 1, t h e  value of t he  previous t h r u s t  event, J T ,  is 
zhecked t o  see i f  an intermediate  equal i ty  cons t r a in t  is required a t  t h e  end 
of t he  l a s t  event,  noted by NVRST. If JTuNVRST, t he  s ta te  va r i ab le s  a r e  
s tored  at  t h a t  t i m e .  The time de r iva t ive  of dynamic pressure  is then checked 
by c a l l i n g  ADERl and ADER t o  see i f  t h e  nt.. t h r u s t  event w i l l  result i n  a 
change in  s i g n  of t he  der iva t ive .  I f  t he re  is a s i g n  change, t he  subrout ine 
A Q W  i s  called t o  mark maximum dynamic pressure.  Lf t he  va r i ab le  LSB=l 
( ind ica t ing  inf luence  coe f f i c i en t  t r a j e c t o r y ) ,  t he  program flow i s  returned 
t o  the  c a l l i n g  rout ine .  I f  LSB.40, t h e  ca l cu la t ions  f o r  f l i g h t  performance 
reserves  are made i f  required and I f  the  t h r u s t  event (ITHR) is equal t o  the 
input va r i ab le  IPR.  
I n t eg ra t ion  
I f  t h e  number of t he  previous t h r u s t  event i s  equal to  NVRST, the  state and 
der iva t ives  of t h e  s ta te  are s to re4  and APRTN I s  ca l l ed  with a headcr "INJECTION".  
Whether the number of the  previous t h r u s t  event  was equal  t o  NVRST o r  riot, t h e  
subroutines ADERl and ADER are c a l l e d  t o  update t h e  equations of motion, 
APRTN subrout ine i s  ca l l ed  with a header "THRUST EVENT". 
The 
6- 30 




Functional F l o w  Diagram of ATHKEV 
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Subroutine I d e n t i f i c a t i o n  
0 T i t l e  
ATILT 
0 Cal l ing  Sequence 
CALL ATILT 
Function 
ATILT is  a t r i g g e r  rout ine  f o r  end of v e r t i c a l  r ive  (begin tiiL-:ier or 
a t t i t u d e  con t ro l )  and end of  tilt over ( i f  used). I'he s rbrout ines  Ai;.r\LT, 
AMACH, AQMAX, AXPKT, and GLIMT are contained within ~ n i s  subrout ine as en t ry  
points .  
Functional Flow 
Subroutine ATILT is  a p r i n t  and cont ro l  t r i g g e r  rou t ine  t h a t  i s  ca l l ed  
by the  in t eg ra t ion  package a t  t h e  end of the  l i f t o f f  phase of t he  t r a j e c t o r y  
( spec i f ied  by the  input  va r i ab le  TLIFT) and agaCn a t  the  end cf  t h e  t i l t -ove r  
phase i f  angle-of-attack a t t i t u d e  con t ro l  is used. 
The subrout ine f i r s t  se t s  KS1=2 denoting end of v e r t i c a l  rise and tu rns  
o f f  the  ATILT t r i gge r .  A test is then made t o  determine i f  a programmed tilt- 
over i s  t o  be used ( i n  conjunction with angle-of-attack a t t i t u d e  contr91) .  
If i t  is ,  the  ATILT t r igge r  i s  turned back on and t h e  t r i gge r  t i m e  is  E 
t he  time a t  t he  end of the  t i l t -ove r ,  TTILT, l f  t h e  c a l l  t o  ATILT was 4 
t he  end of t i l t -ove r ,  the ATILT t r i g g e r  i s  turned o f f ,  APRTN i s  ca l l ed  w!-th 
the  header "END TILT" and flow re turns  t o  the  in t eg ra t ion  package. If a 
I 
programmed t i l t  is  not used, o r  i f  i t  is  and the  c a l l  t o  ATILT occurred a t  t he  
end of t h e  v e r t i c a l  r ise,  APRTN is cal led with 
maximum dynamic pressure t r i g g e r  i s  turned on, t h e  xp and xy a t t i t u d e  polynomials 
header "BEGIN TILT", the  
a r e  determined by c a l l i n g  subrout ine FIND, and flow r e tu rns  t o  t h e  in t eg ra t ion  5 
- I  
package. If the ca l l  to  ATILT has occurred at the end of a programed 
t i l t o v e r ,  the  ATILT t..:~aa. is turned o f f ,  suhrout ine APRTN is ca l l ed  w i t h  
the  header "END TILT", and flow re tu rns  t o  the  integrat'on package. 
6-32 1 
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Functional Flow Diagram for ATILT 
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TURN OFF ATILT 
TRIGGER 
SET END VERTICAL 
TILT-OVER TO BE 
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CALL APRTN 
PRINT STATE WITH 
HEADER "BEGIN T I L T "  -- 
STORE CURRENT xp 
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6.3.17 AXPRT 
Subroutine Iden t i f i ca t ion  
0 T i t l e  
AXPRT (entry rout ine  i n  ATILT) 
0 Call ing Sequence 
CALL AXPRT 
Func t ion 
Trigger rout ine  for normal p r in tou t .  
Functional Flow 
Subroutine AXPRT p r m i d e s  a c a l l  t o  t h e  p r i n t  rou t ine  APRTN during t h e  
t r a j ec to ry  in t eg ra t ion  ind ica ted  by t h e  input va r i ab le  LPRfNT. 
rout ine  f i r s t  calls APRTN with a blank header and updates the  value oi t h e  
The sub- 
next p r i n t  t i m e  required. 
is truncated such t h a t  p r i n t  time w i l l  occur a t  whole number times. 
Using t h e  funct ion AINT the  decimal por t ion  o+ t i m e  
Functional Flow Diagram of AXPRT 
&I APRTN 
CALCULATE 
NEXT PRINT TIME 








Subroutine I d e n t i f i c a t i o n  
0 T i t l e  
BADLX 
0 Call ing sequence 
CALL BADLX 
Function 
EADLX determines the influence c o e f f i c i e n t s  (partial de r iva t ives )  used i n  
the computation of t h e  changes i n  t h e  con t ro l l i ng  parameters. 
Functional Flow 
Subroutine BADLX is used t o  determine t h e  inf luence c o e f f i c i e n t s  ( the 
p a r t i a l  de r iva t ives  of t h e  payoff and c o n s t r a i n t s  with respect  t o  the  con- 
t o l l i n g  parameters) which are used i n  t h e  c a l c u l a t i o n  of t h e  changes i n  the  
con t ro l l i ng  parameters. The subroutine f i r s t  sets t h e  f l a g  LSEb=l, which is 
used i n  other  rou t ines  t o  i d e n t i f y  the  type of i n t e g r a t i o n  run being made. 
The increment amounts f o r  t h e  parameters are determined and used according t o  
the parameters required by t h e  input  KDB. 
and AF0RND is executed f o r  each independent change of t h e  con t ro l l i ng  param- 
eters. 
use i n  ANEWCH. I f  the va r i ab le  NPSTST is equal t o  1, t he  p r in tou t  "FORWARD 
DIFFEREKCES" is p r in t ed ,  i nd ica t ing  t h a t  only one change w i l l  be made i n  the  
parameters. I f  the  va r i ab le  NPSTST is not equal t o  1, the p r in tou t  "CENTRAL 
DIFFERENCE;" is pr inted which ind ica t e s  t h a t  a p lus  and minus increment w i l l  
be made i n  each parameter and the associated inf luence c o e f f i c i e n t s  taken 
as the average of t h e  p lus  and minus values. 
A cal l  t o  t h e  subroutines AF0RUN 
The influence c o e f f i c i e n t s  are then s to red  i n  t h e  a r r ay  2 U M B  f o r  
An exception t o  the akove procedure for obtaining the p a r t i a l  de r iva t ives  
, occurs when f i n a l  burn t i m e  i s  an optimized parameter and payload is not  
a payoff o r  constraint .  
a set of a n a l y t i c a l  p a r t i a l  de r iva t ives  based on the  p a r t i a l  of the cons t r a ix t  
with respect t o  the  s ta te  var iables .  
coe f f i c i en t s  of the cons t r a in t s  with respect t o  burn t i m e  without i n t e g r a t i o n  
of a t r a j e c t o r y  simulation. 
In  t h i s  case, the subroutine ACST0P provides BADLX 
BADLX then determines the inf luence 
_ .  \. .  
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Functional Flow Diagram of 1Uu)L.X 
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6.3.19 B(bPPLT 
”* .. 
1- * - 
f 
I 
Subroutine I d e n t i f i c a t i o n  
0 T i t l e  
BQPPLT 
0 Cal l ing  sequence 
CALL MPPLT 
Function 
B0PPLT generates output p l o t s  on CALCOMP p l o t t e r  
Function of Flow 
The subrout ine B@PPLT w i l l  be  c a l l e d  from MAIN a f t e r  completion of a 
converged t r a j e c t o r y  by s e t t i n g  t h e  input  va r i ab le  NTABLE equal  t o  2 o r  3. 
This subrout ine uses s p e c i a l  CALCOMP l i b r a r y  funct ions during execution. The 
programmer should ve r i fy  that these  rou t ines  are on the  system l i b r a r y  before  
execution of BgPPLT. 
The subrout ine starts by reading a three-card, ZFword, f i e l d  i d e n t i f i c a -  
t i o n  message used fo r  communication wi th  t h e  p l o t  opere*- . 
message is pr in ted  and a c a l l  is made t o  t h e  WID r o u t h e  which p l o t s  an 
i d e n t i f i c a t i o n  p r i n t  and begins t h e  p l o t t i n g  process. 
ca l l ed  which sets up the  loca t ion  ot‘ t he  o r i g i n  in term of l oca t ion  on t h e  
p l o t .  
va r i ab le s  required f o r  p l o t t i n g  and t h e  des i red  u n i t s  f o r  output .  
ENDPLT is Input, t he  WEND subrout ine is ca l l ed  which draws a f i n a l  i den t i -  
f i c a t i o n  block and terminates  the  p l o t t i n g  rout ine .  
The i d e n t i f i c a t i o n  
The PLOT subrout ine is 
P l o t t i n g  information is supplied by an input card vhich detezmines t h e  
If t h e  word 
For each input card t h e  va r i ab le s  required and t h e  units des i red  are 
i d e n t i f i e d  and t h e  co r rec t  va r i ab le s  are taken from the  t r a j e c t o r y  tape  pro- 
vided by APRTN. 
s torage  a r rays .  
required for  the  p l o t t l n g  process. 
These va r i ab le s  are read from the  tape and placed i n t o  
The SCALE subrout ine I s  ca l l ed  which determines the  s c a l i n g  
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The AXIS subroutine is c a l l e d  which l a b e l s  t he  p l o t  and draws the axes. 
The Subroutine LINE is then c a l l e d  t o  draw the  generated curve. 
I f  l a b e l i n g  is required,  a l a b e l  is read from ca rds  and t h e  subroutine 
Each p l o t  is concluded by c a l l i n g  t h e  PMT subroutine t o  
Program flow re tu rns  t o  read another p l o t  va r i ab le  
SYNES0L is cal led.  
e s t a b l i s h  a new or ig in .  
input card.  
Functional Flow Diagram of NPPLT 
1"'"1 URITE IO 
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6.3.20 B(bPTP1 
Subroutine Ldentif i c a t i o n  
0 Title 
MPTBL 




MPTBL generates  output t a b l e  summary. 
Functional Flow 
The subrout ine BBPTBL w i l l  be  c a l l e d  from MAIN after  completion of a 
converged t r a j e c t o r y  by s e t t i n g  t h e  input  va r i ab le  NTABLE equal t o  1 or 3. 
The subrout ine uses a s p e c i a l  NAMELIST call, t he re fo re  add i t fona l  input is 
required when using t h i s  subroutine. 
The general  flow of t he  subrout ine is t o  read d a t a  from a t r a j e c t o r y  
tape provided by the APRTN subrout ine and place t h i s  d a t a  i n  t h e  four teen  
output tables. These t a b l e s  (see subsect ion 9.3) are comprised of two sets of 
















READ TRAJECTORY 171 
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CALL CHIPQL (Nl,N2,T,Yl,Al,U2,A2) where 
N1 - order of A1 polynomial 
N2 - order of A2 polynomial 
T - independent variable 
Y 1  - value of polynomial A l  evaluated at T 
A l  - polynomial coef f ic ients  
Y2 - value of polynomial A2 evaluated at T 
A2 - polynomial coeff ic ients ,  
0 Calling sequence 
Function 
Evaluate the pitch and yaw att i tude polynomials. 
Functional Flow 
(not required) 
Functional Flow Diagram of CHIPQL 
(not required) 
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6.3.22 FIND 
Subroutine Identi f i ce t ion  
0 T i t l e  
FIND 
0 Calling Sequence 
CALL FIND (C€iI,A,DT,MRDER) where 
CHI - att i tude table 
A - output polynomials 
DT - t ime table based on beginning of stage t ime 
N(6RDER - order of the polynomial des i red .  
Function 
















Subroutine Ident! f i c a t i o n  
0 T i t l e  
GLIMT (Entry po in t  i n  ATILT) 
0 Call ing Sequence 
CALL GLIMT 
Function 
Trigger rou t ine  f o r  acce le ra t ion  l i m i t  p r in tou t .  
Functional Flow 
The subroutine GLIMIl is  c a l l e d  from t h e  in t eg ra t ion  package when the 
a x i a l  acce le ra t ion  l i m i t  has been reached. 
The acce le ra t ion  t r i g g e r  is turned off and the  APRTN subroutine is ca l l ed  
with the  header "BEGIN GLIMIT". If d i s c r e t e  t h r o t t l i n g  is required (MSWCH<O) 
the subrout ine ATHREV is c a l l e d ;  otherwise, t h e  flow i s  returned t o  t h e  
c a l l i n g  routine.  













0 Calling Sequence 
CALL MATINV (B,N) where 
B - matrix t a  be inverted (the inverted matrix is stored i n  B also) 
N - number of rows of matrix B .  
Function 
MATINV performs matrix inversion, calculating the inverse i n  double 














0 Calling Sequence 
CALL PRA63 (PR,ERR@R) where 
PR - storage array for atmospheric parameters 
ERRdR - error flag (not used). 
Function 
PRA63 evaluates the atmospheric parameters as well as their partial 
derivatives w.r.t. altitude using the spline interpolation method of the 
subroutine SPLINE. 
Functional Flow 
Interpolation method used in this routlne is defined in appendix E. 
Functional Flow Diagram of PRA63 






6.3 '6 SPLINE, SPLINZ 
Subrolltine Iden t i f  i c a t i o ?  
0 Title 
SPLINE ,SPLIN2 
0 Call ing sequence 
CALL SPLINE ( L , M , N , X , X r , Y , ~ , Y D , K , L A S T )  
CALL SPLINZ (L,M,N,X,XT,Y,TY,YD,K,LAST) where 
L - number of dependent va r i ab le s  (s tored in comm-n s torage)  
M - l oca t ion  index 
N 
X - independent v a r i a b l e  
XT - independent va r i ab le  t a b l e  
Y - dependent va r i ab le s  
YT - dependent va r i ab le s  t a b l e s  
YD - first de r iva t ive  of t he  dependent va r i ab le  w . r . t .  t h e  independent 
va r i ab le  
K - f l a g  t o  denote ca l cu la t ion  of p a r t i a l  de r iva t ives  
K=1,  do not  c a l c u l a t e  p a r t i a l s ;  K=2 ca lcu la t e  p a r t i a l s  
LAST - s to red  value of M. 
- number of po in t s  In t a b l e  
Functi. i 
SPLINE determines the aerodynamic c o e f f i c i e n t s  using a SPLINE i n t e r p o l a t i o n  
method. 
SPLINZ is i d e n t i c a l  t o  SPLINE i n  logic ,  however, SPLINZ is used f o r  
In t e rpo la t ion  of t h r u s t  and weight l o s s  for the SRM engines. 
Functional Flow 
(see appendix B) 
Functional Flow diagram of SPLINE 














0 Calling Sequence 
CALL TEST (X,XT,NX,I,R) where 
X - independent variable 
XT - independent variable table 
NX - nmber of points i n  XT table 
A - location index 
R - dependent variable slope 
Function 
TEST embodies the l inear schem- used i n  ASIMP for determining d o p e  of 
the dependent variable w.r.t. the Independent variable. 
Functional Flow 
(not required) 
















- Subroutine Ident i f  i c a t i o n  
0 T i t l e  
TRIVLP 
0 Call ing Sequence 
CALL TRIVLP (G,GT,NG,V,VT,NV,A,AT,NA,$T,$) where 
G - value of r e l a t i v e  f l igh t -pa th  angle  
bT - r e l a t i v e  f l igh t -pa th  angle t a b l e  
UC - number of poin ts  in GT t a b l e  
V - value of r e l a t i v e  ve loc i ty  
VT - r e l a t i v e  ve loc i ty  t a b l e  
NV - number of po in ts  in VT t ab l e  
A - value of a l t i t u d e  
AT - a l t i t u d e  t a b l e  
NA - number of po in t s  i n  AT t a b l e  
$T - flyback range table 
$ - flyback range (output). 
Function 
Tr ivar ian t  lookup of flyback range (for  use in ASIMP). 
Functional Flow 
The subroutine TRIVLP is ca l l ed  by t h e  subrout ine ASIMP t o  determine the  
flyback range as a funct ion of r e l a t i v e  f l igh t -pa th  angle ,  r e l a t i v e  ve loc i ty ,  
and a l t i t u d e .  
ASIMP c a l l s  the subroutine TEST t o  determine the  l i n e a r  s lopes of t h e  
a l t i t u d e ,  r e l a t i v e  ve loc i ty ,  and r e l a t i v e  f l igh t -pa th  angle  w . r . t .  t he  
flyback range. The flyback range is then ca lcu la ted  using these  s lopes .  
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Consult MSFC, S B E ,  AERO-a for Program Listing 
i 
i 




section Vll l  
VARIABLE NAME CROSS REFERENCE OF MAJOR SUBROUTINES 









The usefulness of any computer program as an analys is  t o o l  i s  dependent 
la rge ly  upon how w e l l  t h e  user  understands t h e  operat ion of the  program anti 
t h e  input and oatput involvctd i n  its use. This s ec t ion  has therefore  bec.. 
designed t o  provide the  user  a thorough undarstandipg of t h e  bas i c  mechanics 
of t k e  program, the  input  required,  and the  output avaiiai . le.  The f , - -ur ing 
psragraphs descr ibe  i n  d e t a i l ;  1) how t o  formulate the  tLajectory problem f o r  
presentat ion t o  RAGMOP, 2) how t o  select the  var ious opt ions ava i l ab le ,  3) the  
physical  input da ta  required,  4) t he  var ious types of output p.:oduced by t h e  
program, and 5) some suggestions concerning technique which are he lp fu l  i n  
making the  most e f f i c i e n t  use of t he  prograp. 
RAGMOP use r s  f ami l i a r  with t h e  ROBOT computer program w i l l  no te  the  
s i m i l a r i t y  in  the  input  of the  two programs. 
is intended t o  conicide with t h a t  of ROBOT whenever possible.  
(due t o  the wide use of ROBOT) as a convenience to  p o t e n t i a l  users  of RAGMOP. 
Note, however, t h a t  beyond t h i s  s i m i l a r i t y  the  two programs are v a s t l y  d i f -  
f e r en t  . 
The input  philosophy of RAGMOP 
This w a s  done 
9.1 PROBLEM FORMULATION 
This sec t ion  descr ibes  how t o  formulate the  ascent  t r a j e c t o r y  f o r  
>resenta t ion  t o  RAGMOP. 
is  defined, and information pe r t inen t  t o  t h e  se l ec t ion  of various program 
opt ions is presented. 
The terminology used in descr ib ing  var ious events  
i 
9.1.1 Thrust Profile 
The RAGMOP t r a j e c t o r y  is described as a succession of a number of t h r u s t  
events ,  one o r  more of which may comprise a complete s tage .  A t h r u s t  event 
is a period of time character ized by a continuous t h r u s t  p r o f i l e  (constant,  
zero,  or varying in a continuous fashion)  (Figure 9-1;. Earh t h rus t  event is 
i n i t i a t e d  a t  the termination of the  previous event except,  of course,  fo r  









(LIFTOFF) ( I IIJECT IOSI 
(FLIGHT TIME) 
Figure 9-1. THRUST EVENT PROFILE 
on one of four  cri teria:  (1) t i m e  ( the durat ion of t h e  t h r u s t  event ,  no t  t he  
absolute  f i n a l  time), (2) l i q u i d  f u e l  deple t ion  ( fue l  is input  i n  the  f i r s t  
t h r u s t  event of a l i q u i d  burn and any f u e l  remaining a t  the  end of a given event 
is car r ied  forward t o  the  next event of the  same s t age ,  i f  any),  (3) g- l imit ,  
o r  ( 4 )  r e l a t i v e  ve loc i ty  (which, of course, should be used only f o r  one t h r u s t  
event).  The da ta  used t o  determine the  vehic le  geometry, propulsion, and aero- 
dynamics is described e i t h e r  by t h r u s t  event o r  by etage. Data which is input 
by s tage  cons i s t s  of the aerodynamic coe f f i c i en t ,  base drag, and center-of- 
grav i ty  t ab le s ,  the  aerodynainic reference length,  t he  order  of the xp and x 
a t t i t u d e  polynomials, number of t h r u s t  events comprising the s t age ,  engine 
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erence point.  Data which is input  by t h r u s t  event cons i s t s  of t h e  number of 
engines, vacuum t h r u s t  per l i q u i d  engine, exit  area per  SRM o r  l i q u i d  engine,  
mass f lowrate  per  l i q u i d  engine, s p e c i f i c  i m p d s e  f o r  l i q u i d  engine when con- 
t inuous t h r o t t l i n g  is used, l i q u i d  f u e l  per t h r u s t  event (ac tua l ly  input  i n  the 
f irst  t h r u s t  event of t he  l i q u i d  s t age  which begins the  l i q u i d  b u m ) ,  accelera-  
t i o n  (g) l i m i t ,  l i q u i d  t h r u s t  event cut-off f l a g ,  p r i n t  and in t eg ra t ion  s t e p  s i z e s ,  
aerodynamic re ference  area, t h r u s t  event durat ion,  and j e t t i s o n  weight (which 
is dropped a t  the  end of t h e  t h r u s t  event).  
Data f o r  t he  SRM engines cons is t ing  of sea leve l  t h rus t  and weight l o s s  
are input  as t abu la r  funct ions of t i m e  from l i f t o f f .  
9 1.2 Control Program 
I n  formulating the  t r a j e c t o r y  problem, t h e  user m u s t  decide what kind of 
a t t i t u d e  con t ro l  is required. 
xp program, t h e  degree of the  polynomial des i red  f o r  each s t a g e  m u s t  be  spec i f i ed .  
Also, t h e  decis ion must be made as t o  whether o r  no t  the  yaw program is t o  be 
optimized, and i f  so, t h e  degree of t he  yaw polynomial i n  each (or e i t h e r )  s t a g e  
m u s t  be  se lec ted .  If angle-of-attack cont ro l  is t o  be  used f o r  t he  f i r s t  s t a g e ,  
the  optimized t i l t -ove r  maneuver m u s t  be used. This requi res  s e l e c t i o n  of t he  
polynomial degree and the  length of t i m e  des i red  f o r  the  pitchover.  
I f  t h e  optimized polynomial form is used f o r  t he  
Note t h a t  a polynomial f o r  x and x can be used without being optimized 
o r  without each da ta  poin t  used i n  the  c u r v e f i t  being optimized. Suppose, f o r  
example, t h a t  t he  value of  v a t  a ce r t a in  t i m e  during t h e  f irst  s t a g e  was re- 
quired t o  b e  a f ixed value,  and t ha t  a cubic polynomial was des i red  f o r  the  xp 
of t h e  s tage .  The cubic polynomial could be used with only two optimized d a t s  
po in ts ,  w i t h  t h e  f i r s t  point  and any one of t h e  o the r  t h ree  poin ts  ( four  po in t s  
required t o  perform cubic c u r r e f i t )  remaining f ixed throughout the  run. As an- 
other  example, a j (  polynomial could be used without optimization of any of t h e  
da ta  points .  




While a g r e a t  many combinations of parameters and cons t r a in t s  exis t  wi th in  




forced can s t reaml ine  the  program g rea t ly  with l i t t l e  or no e f f e c t  im the  S O ; ~ -  
t i on  obtaiced. Several  comments and suggestions are presented below which r,ik)- 
vide in fomat ion  per t inent  t o  using RAGMOP most e f f i c i e n t l y .  
9.1.3.1. 
Apollo Standard coordinate system, a l l  veh ic l e  input  d a t a  uses t h e  coordinate  
system shown i n  Figure 9-2, with  the  longi tudina l  axis as t he  x-axis, the  lat-  
e r a l  axis as t h e  y-axis (out the  r i g h t  wing), and the  v e r t i c a l  axis as the  z- 
ax i s  (down). A t  l i f t o f f ,  the  vehicle  w i l l  be or ien ted  with t h e  z-axis pointed 
i n  the d i r ec t ion  of t he  launch azimuth (downrange). 
Body nxis Coordinate System. In  order  t o  agree wi th  t h e  present  
9.1.3.2 Constrained qa and/or q B .  Although RAGMOP has t h e  capab i l i t y  of en- 
forc ing  the  inequal i ty  qa and qB c o n s t r a i r t s ,  experience has shown t h a t  o f t e n  
these  cons t r a in t s  w i l l  IAOt be v io l a t ed  when a qmax cons t r a in t  is simultaneously 
enforced. Since the  use c 1 t hese  cons t r a in t s  presents  d i s c o n t i n u i t i e s  i n  the  
t r a j e c t o r y  angle-of-attack and/or s i d e s l i p  angle de r iva t ives ,  t h e  so lu t ion  using 
the  cons t r a in t s  is genera l ly  more d i f f i c u l t  t o  ob ta in  and hence more computer 
time w i l l  be required.  
q8 l i m i t s  w i l l  be exceeded, a so lu t ion  can f i r s t  be obtained without enforcing 
the  cons t r a in t s .  I f  t he  m a x i m u m  values  are exceeded, the  so lu t ion  may be used 
as the i n i t i a l  "guess" (nominal) t r a j ec to ry  for  a run w i t h  t he  cons t r a in t s  enforced. 
If some doubt exists as t o  whether o r  no t  t h e  qu and/or 
9.1.3.3 Constrained gmax. 
equal i ty  cons t ra in t .  
above, the  cons t r a in t  should not  be enforced unless the  user is  s u r e  t h a t  the  
cons t r a in t  is an equal- maximum allowable value w i l l  be exceeded. Since the  
i t y  cons t r a in t ,  t he  optimized parameters w i l l  be adjusted u n t i l  the  cons t ra in t  is 
m e t .  Thus, a l l  parameters (launch weight, aximuth, burn times, and a t t i t u d e  con- 
t r o l )  are af fec ted .  Experience has shown t h a t  c r ea t ing  a t h r u s t  event p r i o r  t o  
%ax 
a id  i n  s a t i s f y i n g  the  cons t ra in t  with a minimum of reshaping of t h e  t r a j ec to ry .  
This combination of t h r o t t l i n g  and reshaping has been seen t o  be much more ef -  
f i cen t  than reshaping alone. 
The \ax cons t ra in t  i n  RAGMOP is enforced as an 
Therefore, as with  the  qa and qB cons t r a in t s  mentioned 
%ax 
where t h r u s t  is reduced by a d i s c r e t e  amount ( a t  an optimized time) w i l l  




9.1.3.4. Payload Option. The payload ca l cu la t ion  (see Appendix D) has been 
designed espec ia l ly  f o r  space s h u t t l e  type vehic les  and i s  therefore  preferab le  
t o  the FPR option fob these vehicles .  
9.1.3.5. At t i tude  Control Program. The vehic le  a t t i t u d e  cont ro l  polynomials 
a r e  stage-dependent and therefore  are ca r r i ed  over t h r u s t  events of a given 
s tage.  The order  of the polynomial used t o  descr ibe  t h e  a t t i t u d e  h i s t o r i e s  
should be chosen with the following poin ts  i n  mind: 
The higher the  order  of the  polynomials, t h e  more optimum the  t ra jec-  
tory can be. 
The higher the  order  of t h e  polynomials, t he  more parameters are re- 
quired and therefore  the  longer the  run w i l l  take t o  converge. 
fore ,  t h e  lowest order  polynomial which y i e lds  an acceptable so lu t ion  
should be used when rapid so lu t ions  are required.  
An optimized launch azimuth o r  yaw con t ro l  program is general ly  not  re- 
quired unless a s p e c i f i c  o r b i t a l  i nc l ina t ion  is  a cons t r a in t ,  o r  when 
the  coordinated turn  opt ion is used. 
The second stage x P x from the  f i r s t  s t age  (continuous x ). The use of a discontinuous 
xp is opt jona l  (KDB(19)=1) and se l ec t fon  of discontinuous x 
based la rge ly  on two points :  (1) the discontinuous x is i n  general  
more optimum and (2) t h e  use of xy discont inui ty  a t  s fag ing  may not  be 
realistic i f  the  dynamic pressure is above a certain l eve l  ( i .e. ,  d i f -  
f i c u l t i e s  i n  executing the  xp discont inui ty  nay arise i n  ac tua l  f l i g h t ) .  
I f  the  second s t age  is flown e s s e n t i a l l y  i n  a vacuum, ( i . e .  no aero- 
dynamic coe f f i c i en t s  input)  there  is no need fo r  more than a l i n e a r  x 
p r o f i l e  since,  even with a quadra t i r  form ava i lab le ,  t h e  XF program 
produced the  RAGMOP w i l l  be l i n e a r  (due t o  the  na ture  of t he  vacuum 
f l i g h t  problem). 
There- 
program is  normally i n i t i a t e d  a t  the  last value of 
can be P P 
P 
In add i t i sn  t o  the  above poin ts  concerning se l ec t ion  of the order  or t h e  
a t t i t u d e  polynomials, one shovld a l s o  note  t h a t  proper spacing of t he  points  i n  
d 
: 
the  first and the  second stage time t a b l e s  can he lp  increase the  e f f i c i ency  of the  
I program. The input t ab le s  TTBL ( f i r s t  s tage)  and TOBL (second s t age )  contains  t h e  
t i m e  points  a t  which the  angles  i n  the  input t a b l e s  CPTBL, CYTBL ( f i r s t  s t age ) ,  
CPQTBL, and CY0TBL (second s tage)  apply. 
of t ab le s  w i l l  be var ied a t  each parameter update s t e p ,  and c u r v e f i t s  fo r  the 
appropriate  polynomials performed. I n  l i g h t  of t h i s ,  i t  is easily seen tha t  an 
even d i s t r i b u t i o n  of time points  over the  durat ion of each s t age  w i l l  provide 
the  most s t a b l e  operat ing conditions fo r  the  program. (Consider, f o r  exmple ,  
the  d i f f i c u l t y  of f i t t i n g  a curve t o  points  grouped very c lose ly  toge ther ,  and 
The xp and xy values i n  the  l a t t e r  s e t  
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the  s e n s i t i v i t y  of t he  curve LO very s l i g h t  va r i a t ions  i n  the poin ts  wlien they 
are so grouped). 
9.1.3.6 Run T i m e .  I t  should be noted t h a t  RAGMOP, while appearing s imi l a r  i n  
some w a y s  to  KOBOT, may a t  t i m e s  r equi re  considerably more computer time t o  
obta in  a converged t r a j ec to ry  so lu t ion .  This  is due t o  the  more complex physi- 
c a l  model (atmosphere i n  both s t ages ,  optimized from launch t o  o r b i t ,  l i f t i n g  
t r a j ec to ry ,  e t c . )  and t o  the  necessar i ly  d i f f e r e n t  opt imizat ion scheme. I f  a 
p a r t i c u l a r  run is returned and has no t  obtained a converged s o l u t i o n ,  t h e  user  
may take advantage of t h e  work performed during t h e  f i r s t  run ty merely updating 
the  values  of t he  optimized parameters and resubmitt ing the  run. 
t h e  parameter set  obtained during a run w i l l  meet the  required cons t r a in t s ,  but 
i f  t h e  run is terminated due t o  maximum time, w i l l  no t  be  optimum. 
run which is no t  ye t  converged may s t i l l  provide t h e  user wi th  meaningful in- 
formation, unl ike o the r  techniques wherein intermediate  r e s u l t s  have no s i g n i f i -  
cance. Trajectory so lu t ions  wi th  RAGMOP have been obtained i n  from two t o  ten  
minutes of computer time s t a r t i n g  from very poor nominal trajectories. 












UNITS -DIMEN S I ON S 
(15) M2 
EXPLANATION 
Exit  a r ea  per  engine f o r  each t h r u s t  event.  




Launch s i te  l a t i t ude .  Prese t  to 28.531885. 
Launch s i te  iongitutlc.. I'rcsct t o  80. 5 0 4 0 5 2 8 .  
Alt i tudes  a t  which t h e  base pressure d i t  t er- 
e n t i a l s  i n  BAXIAL apply. Up t u  25 a l t i t u d e s  
may be used. The second index denotes the 
combined booster-orbi ter  (1) or  the o r b i t e r  






Al t i tude  of the  launch s i te  above t h e  spher- 
oid.  Freset t o  zero. 
A l t i t ude  values  a t  which the  wind speeds and 
d i r e c t i o n s  i n  WTBL and AZWTBL apply. 
Used f o r  e r r o r  check i n  in tegra t ion .  
p re se t  value should be used. (No input re- 










Azimuth angles  denoting tlic d i r e c t  ions t h a t  
aoplv t o  the  wind speeds and a l t i t u d e s  in  
WTBL and ALTTBL. Denotes the  d i r ec t ion  
toward which t h e  wind is blowing. 
BAXIAL 
BL0D 
Base axial force.  
C,/C, of booster .  
f u e l  computation. 
Used i n  booster  flyback 
C U P  P a r t i a l  of axial fo rce  coe f f i c i en t  wi th  res- 
pect  t o  angle-of-attack. Indices  as i n  CA0. 
Prese t  t o  zero. 
CAd Zero l i f t  ax ia l  force  coe f f i c i en t  correspond- 
ing t o  Mach numbers i n  PNM. Second index 



























‘I’he nuni1)cr 0 1  tlie (‘;isc? ,e ing run. For o u t p i i t  
use only. Preset to 1. 
Vacuum t of l i qu id  engines used  during 
continuous th ro t  t l  ing. 
sp 
F I r s L  coct l i c i c n t  i n  tlic F i s c l i c r  cl I ipsoid 
g rnv i tn t  iotiiil expiirision. ‘I’lic. prcscs t  vnluc 
sllou Id  1)c iiscd. (No input  n - q i i i  r c - ( i )  
P a r t i a l  of r o l l i n g  moment w e l l  icieii t  wi : I i  
respect t o  s i d e s l i p  angle. lnd ices  a s  i n  
CA0. Preset t o  zero. 
P a r t i a l  of p i t ch ing  moment c o e f f i c i r n t  with 
respect  t o  angle-of-attack. Ind ices  as i n  
CM. Prese t  t o  zero. 
Zero 1 i I t  pi tching niomerit coef I i c  i c - u l .  l n -  
cliccs as in  CA0. PrcbseL Lo zero. 
Product of t he  universal  graviLiiLionsil cim- 
stanL and the mass of the e a r t h .  ‘fhe pre- 
qet value should  be used. (No input required) 
P a r t i a l  of normal force  c o e f f i c i e n t  w i t l i  
respect  t o  angle-of-attack. Indices AS i n  
CAQ. Preset to  zero. 
Pa r t i a l  of yawing moment coe f f i c i en t  w i t h  
respect  t o  s i d e s l i F  angle. Indices a s  i n  
a@. Preset  t o  zero. 
Zero angle of a t t a c k  normal fo rce  c o e f i i c i e n t .  
Indices as f o r  CNALP. Preset t o  zero. 
Constant o r b i t e r  weight used i n  payload 
ca lcu la t ion .  
Values of chi-pitch ( x  ) t o  be uscd i n  fonn- 
ing the  nominal t r a j e c t o r y  f o r  the sccond 
stage.  Values correspond t o  t i m e  i n  ‘ I * u ~ B L ( ~ - ~ o )  
Same as CPQTBL but f o r  f j r s L  s t age ,  and 
va lues  correspond t o  times i n  TTBL ( 1-1 0) 
Constant res idua l  wciglit used iT SKICS10 = 0. 
Preset t o  zero. 
9-8 
-a‘ -.  
.C . 
NAME DIMENSIONS UNITS EXPLAN AT I O N  - -
CTNKWT LBM Constant tank weight used i f  SCALE = 0. 
Prese t  t o  zerp 
CWDQT (15) LBMIEEC Cri t ical  flow rate per engine f o r  each t h r u s t  
event . 
CYBETA (25,2) /DEG P a r t i a l  of s i d e  force  coe f f i c i en t  with res- 
pect  t o  s i d e l s i p  angle.  Indices  as i n  CAg. 
Prese t  t o  zero. 
DEG Same as CPQTBL but  for yaw(correspond t o  
TQBL(11-20)) 
CYTBL (20) DEG Same as CPTBL but f o r  yaw(correspond t o  
TTBLt11-20)) 
M/ SEC Delta ve loc i ty  required f o r  geometry reserves.  
Prese t  t o  zero. 
DELVZ 
DELVP 
D J  
M/SEC Delta  ve loc i ty  reqQired f o r  performan-e 
reserves. Prese t  t o  zero. 
Third Coeff ic ient  i n  the  Fischer  e l l i p s o i d  
g r a v i t a t i o n a l  expansion. The p rese t  value 
should be used. (No input required) .  
Time from ground reference r e l ease  (CRP.) t o  
l i f t o f f .  GRR is t h e  point  i n  the  countdown 
a t  which t h e  launch i n e r t i a l  coordinate  s y s -  
t e m  is es tab l i shed .  Must be  input  f o r  jump 
starts as well as f o r  ground-launch trajec- 
to r i e s .  Preser t o  zero. 
DTZ SEC 
FT/SEC Delta ve loc i ty  required of o r b i t a l  maneuvering 
system, used i n  payload ca lcu la t ion .  
Maximum allowable absolu te  values  of t h e  
cons t r a in t  e r r o r s .  END(1) corresponds t o  
KCDPHI(I+l), and then t o  KCDRES(I+N) where N 
is the  number of cons t r a in t s  i n  KCDPHI. This 
set of to le rances  m u s t  be m e t  before  a run is 
considered t o  be converged. 
EQPCT Additior.al f u e l  percentage needed f o r  booster  
f lyback wi th  one engine out .  




ZU Upper e r r o r  bound i n  in tegra t ion .  
value should be  ueed. 
The prese t  
(No input  required) .  
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EXPLANT 1 L' - ' 
Denotes whether optimized l i f t i n g  (FACT = -11, 
zero itorma1 force (FACT = I), zero angle-of- 
a t t a c k  (FACT = 2) o r  Mach number dependent 
(FACT = 3) i s  t o  be flown. I f  FACT is 1,2, 
o r  3, a programmed t i l t  over time should b e  
used (See 'MILT). Preset t o  -1. 
LBF Liquid engine vacuum t h r u s t  p e r  engine f G r  
each t h r u s t  event.  Presl'. t o  zero. 
Factor L;ed i n  ca l cu la t ion  oi d e l t a  velocity 
f o r  performar,ce reserves  (FPR) 
FPR = FPRFAC*[go V l S P  hi 3 r'd'w + g V L S P ~  In  
- 0L0W ] 
0'a0W 
LBX Liquid engine fue l .  For p a r a l l e l  burii, a l l  
l i q u i d  engine f u e l  should be put Into FUELIQ 
(1) and t h e  ind ica to r  NPARBN set equal  t o  1. 
For series burr., tI.e f u e l  is ir?u: i n  t he  
f irst  t h r u s t  event of each s tage .  Mvrt he 
input whenever rue1 consun-d is used as a 
cu tof f  c r i te r ia  f r r  any t h r u t  event c c  R 
stage.  
Additional f u e l  percencase required by booster 
f o r  a go-around at  the  end of flyback. Per- 
centage of landed weigF.t J f  booster.  
G ' s  Maximum lon?i tudinal  acce le ra t ion ,  in  g ' s  f o r  
fl/ SEC2 
each t h r u s t  €:vent. Preset t o  0.1E20. 
Gravi ta t iondj  acce le ra t ion  of e a r t h  a t  che 
equator. The prese t  value should be uses. 
(No input requi red) .  
Second c o e f f i c i e n t  i n  the  Fischer e l l i p s o i d  
g r a v i t a t i o n a l  expamion. The p rese t  value 
should be used. (No input required).  
90 Space Ho l l e r i t h  Yield used f o r  i d e n t i f i -  
ca t ion  of each page of t r a j e c t o r y  p r i n t .  
f t / s ec  Headwind used !.n flyback f u e l  ca lcu la t jon .  
Preset t s  zero. 
Minimcm steF-size fo r  in tzgra t ion .  The pre- 
set  valuc should be used. (No input required).  
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LPR Denotes the  t h r u s t  event from which the  per- 
formance reserves a r e  taken. Must be i n  the 
last s t age  and no t h r u s t  ever: may be op t i -  
mized a f t e r  t h i s  one. If  IPR is g r e a t e r  than 
zero,  WPM and CWDgT m u s t  be  input.  
t o  zero. 
Prese t  
c -  
F 
s 
'F JQRB Denotes whether sphe r i ca l  (J0RB = 1) o r  ob- 
l a te  (J@RB=O) e a r t h  model is desired.  Pre- 
set t o  zero. 
JTHR (15) Denotes use of Ski, t h r u s t  and d e l t a  weight 
Lables f o r  epch t h r u s t  event (JTHR = 1) o r  
no SRM th rus  o r  d e l t a  weight (JTHR = 0). 
Prese t  t o  zero. 
Denotes the  number of the  t h r u s t  event a t  
which the  start is t u  occur. A normal ground 
launch would start a t  t h e  f i r s t  t h r u s t  event 
(JUMP=l). 
t h r u s t  event. For a jump s ta r t  t h e  a r r ay  
VIV must be input .  
Ind ica tor  t o  deno:e computation of booster  
f lyback f u e l  des i r ed  (KBACK = 1) o r  no t  
des i red  (KBACK = 0). P rese t  t o  zero. 
A jump s ta r t  can start  a t  any la te r  
Prese t  t o  1. 
J L W  
KBACK 
KCDPHI (10) Terminal cons t r a in t  and payoff codes. 
KCDPHI(1) denotes t h e  payoff desired.  
KCDPHI(2-10) are t h e  code numbers of t h e  
terminal  cons t r a in t s  desired.  See Table 9-1. 
Prese t  t o  KCDPHI = 1,2,3,4. 
K C D E S  ( 6 )  
KDB ( 3 0 )  
Intermediate cons t r a in t  codes. See Table 9-1. 
Prese t  t o  zero. 
Parameter opt imizat ion ind ica tor .  Each loca- 
t i o n  corresponds t o  8 p a r t i c u l a r  cont ro l  pa- 
rameter. (See Table 9-2 of t h i s  sec t ion .  
KDB (I)=1 denotes t h a t  t h e  corresponding 
parameter is t o  be  optimized. 
no optimization of t h a t  parameter. Preset 
t o  zero. 
KDB(I)=O denotes 
A companion matr ix  t o  KDB(1-10). 
t he  number of t h e  th rus t  event from t h a t  i n  
KDB(1) which is t o  bc a l t e r e d  t o  hold tank 
limits. If the  f i rs t  four  th rus t  events  a re  
t o  be optimized ( i . e . ,  t h e i r  burn times) with 
Denotes 
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- NAME DIMENSIONS - Lbl ITS EXPLANATION 
the  tank l i m i t s  h e l d  i n  t h rus t  event 
3 f o r  the f i r s t  two events  and t h r u s t  event 
8 fo r  t he  second two, input KDB=l ,  l,l,l, 
and KDT=4,3,5,4. Prese t  t o  zero. 





Denotes the type of i n t eg ra t ion  desired.  
KIND=1,2,3 denotes:  va r i ab le  s tep-s ize  
Adams-Moulton, Runge-Kutta, or f ixed  s tep-  
s i z e  Adams, respec t ive ly .  KIXJIi=l is usua l ly  
preferable .  Preset t o  one. 
Denotes t h e  order  of t he  chi-pitclr polynomi- 
a l  des i red  f o r  each s tage .  Prese t  t o  zero. 
Order of d i f fe rences  i n  the  in t eg ra t ion  
package. 
(no input  required) .  P re se t  t o  3. 
The p rese t  value should be used. 
Same as KP but f o r  yaw. Preset t o  zero. 
Denotes only one d a t a  pack (case) t o  b e  
evaluated (LAST=l), or more than one (LAST= 
number of cases). -reset t o  one. 
P r i n t  op t ion  ind ica tor .  
Prese t  t o  zero. 
See Table 9-4. 
Moment balance opt ion  ind ica tor .  Prese t  
t o  zero. (M0HBAL = 0 ,  no moment balance; 
M0MEAL = 1, SRM's t h r u s t  through spec i f i ed  
point  (SRXCGF,SRZCGF) , l i q u i d  engines bal- 
ance moments; MflMBAL = 2 ,  SRM's t r a c k  c.g. ,  
l i q u i d  engines balance mo*,ient ; M0MBAL = 3, 
a l l  engines balance moments i s  c o l l e c t i v e  
two engine equivalent  model,) 
T h r u s t  event cu tof f  ind ica tor .  T e l l s  the  
program which cutoff  t r i g g e r s  are t o  be 
turned on f o r  each t h r u s t  event.  See T a b l e  
9-3. Preset t o  4 for each t h r u s t  event.  
Coordinated tu rn  opt ion ind ica to r  per  t h r u s t  
event. 
NC00RD = +1, coordinated tu rn  with pos i t i ve  
angle of a t t ack ;  NCQQRD = -1, coordinated 
turn  w i t h  negat ive angle  of a t tack .  





UNITS -N A M E  DIMENSIONS 
NMAX 
- EXPLANATION 
M a x i m u m  number of t r a j e c t o r y  in t eg ra t ions  ~11- 
lowed i n  constraint-zeroing port ion of pro- 
gram. Preset  t o  zero. 
N0EVNT (5) Number of t h r u s t  events  i n  cach s tage,  e . g . ,  
if the re  are two s t ages ,  with i i v e  th rus t  
events  i n  the  f i r s t  s t a g e  and two i n  th: sec- 
ond,.input NQEVNT=5,2. Preset t o  Lero. 
NPARBN Parallel  burn ind ica tor .  Set NPARBB=l i f  
p a r a l l e l  burn i s  desired,  and place a l l  f u e l  
f o r  o r b i t e r  engines i n t o  FIiELIQ(1) ( i f  
f u e l  cutoff is requi red) .  If p a r a l l e l  burn 
is not desired,  f u e l  f o r  l i q u i d  engines must 
b e  input i n  t h e  f i r s t  t h r u s t  event of each 
s t a g e  f o r  which f u e l  cutoff i s  required.  
t 
NTABLE Denotes output of t a b l e s  and/or p l o t s  a t  end 
of converged run. Preset t o  zero. (NTABLE 
= 0, no post-processing is required;  NTABLE 
= 1, output t a b l e s  only; NTABLE '2, output  
p l o t s  only,  NTABLE '3, output t a b l e s  and p lo t s . )  
N W T  Denotes the  number of the  t h r u s t  event a t  t he  
end of which the  ia termediate  c o n s t r a i n t s  are 
to  be imposed. Must be zero  i f  no interme- 
d i a t e  constraints are desired.  Preset t o  zero. 
\ 
WIND The number of po in t s  used i n  the wind t a b l e s  
WTBL, AXWTBL, ALTTBL. I f  NWIND=O notables  
are used. Preset t o  zero. i 
0IEGA RAD/ SEC 
SEC 
SEC 
Angular r o t a t i o n a l  v e l o c i t y  of the  ear th .  The 
p re se t  value should be used. (No input re- 
quired).  
Spec i f i c  impulse D f  t h e  o r b i t a l  maneuvering 
system. 
Mach numbers at which the  values of the  va r i -  
ous aerodynamic c o e f f i c i e n t s  and t h e  alpha 
h i s t o r y  in  TALFP apply. Indices as i n  CA8. 
b y  number of po in t s  may be used f o r  e i t h e r  
s tage . )  Preset t o  zero. 
PRINT (15) Prir l t  time increment f o r  each t h r u s t  event 
during a long t r a j e c t o r y  pri:it. Preset t o  
10 seconds f o r  each event. 
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Desired values  o€ the elid cons t r a in t s .  I'SIKl't) 
(1) corresponds t o  K C ~ l ' l l l ( l + l ) .  See  Table 9-1. 
Preset t o  7876.4195,.01, 6470762. (V,y ,  and 
R f o r  50 & 100 n m i  o r b i t ) .  
Dcsired values  of the  intermediate  cons t r a in t s .  
PSLRST(1) corresponds t o  K C D R E S ( 1 ) .  Preset 
t o  zero. 
Maximum allowed value of t he  product of dyna- 
m i c  p ressure  and angle-of-attack. I f  the xp 
h i s to ry  causes t h i s  value t o  b e  exceeded, al- 
pha is reduced t o  hold t h e  l i m i t ,  over r id ing  
t h e  x polynomial. Preset t o  1.E20. 
2 LB DEG/FT 
P 
2 LB DEG/FT Same as QALPMbut for s i d e s l i p  angle  (beta)  
and xy. Prese t  to  1.E20. 
M Radius of t h e  ea r th .  f i e  p rese t  va lue  should 
M2 
be  used. (No i n p t t  Ycquired). 
Aerodynamic refa-ence a rea  f o r  each t h r u s t  
event. Prese t  t o  zero. 
Scale [ ac to r  used i n  computing tank weiglit 
from propel lan t  weight i n  payload ca lcu la t ion .  
Residual scale f a c t o r  (decimal f r a c t i o n ) .  
Preset t o  zero. 
LB/LB-HR Booster f lyback t h r u s t  s p e c i f i c  f u e l  consump- 
t ion. 
Per turba t ion  value of x po in t s  USCJ t o  iorin 
f i r s t  s t a g e  xp polynomial. i'rcset LO .lo. 
Used in  inf luence coef l i c i e n t  ca lcu la t ion .  
P 
Same as SPRADB but f o r  second s tage .  Preset 
t o  .5". 
M2 SRM e x i t  area per engine 
L BM Tota l  SRM weight overboard corresponding t o  
time po in t s  i n  SRMTTB. (Note: - not  d e l t a  
weight per engine.) 
LBF SRM sea level  t h r u s t  per  engine corresponding 
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NAME DIMENSIONS UNITS EXPLANA'I'LON -
! SRMPRP LBM Total SKM f u e l  ava i lab le .  Should b e  the same 
as the last d a t a  point i n  the SRDWTH array.  
f 
. -  
SRMfTB (15) S EC T ime  po in ts  a t  which the  t h r u s t  l e v e l s  and 
d e l t a  weights in  SRMFTB and SRDWTB apply 
(note: a t h r u s t  event should be created 
whenever the s lope  of t he  thrust-t ime curve 
is discontinuous. ) 
i SRXCGF M Longitudinal coordinate  of SRM aiming point  
f o r  f i xed  SRM's (MMBAL=l) 
Longitudinal coordinate  of the SRM gimbal 
points .  





Lateral coordinate  of t h e  SRM gimbal points .  
Vertical coordinate  of SRM aiming point  f o r  
f ixed  SRM's. 
M 
s EC 
Ver t i ca l  coordinate  of t h e  SRM gimbal points .  
In t eg ra t ion  s tep-s ize  increment f o r  each 
t h r u s t  event when Runge-Kutta o r  f ixed  
step-size Adams-Moulton in t eg ra t ion  i s  used. 
Prese t  t o  1 second for  the  f i r s t  t h r u s t  event 




Same as SPRADB but f o r  yaw. 
Same as SPRADb but  f o r  yaw. 
DEG 
SEC 
Angle-of-attack values corresponding t o  Mach 
numbers of PNM, Preset t o  zero. 
TAUT (15) Duration of each th rus t  event. I f  a t h r u s t  
event t i m e  is being optimized, t h i s  value i s  
used as the  i n i t i a l  es t imate .  Preset t o  zero. 
LBM Delta weight values corresponding t o  the  
c.g. l oca t ions  i n  TXCC and TZCC. Up t o  
15 points  amy be used for  each s tage .  
The second index denotes the  s tage .  
TLIFT s EC Time a t  end of l i f t o f f  phase and the  begin- 
ning of t h e  xp and/or xy cont ro l  program. 
Referenced t o  TZER0. Preset t o  8 seconds. 
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V I V  (15) 
- - - - '  . ' - -  ' -  - . . - . _  
Number of 
(TNE(1,ITI 
t h r u s t  ew 
angles  foi 
la t ter  twc 
and are nc 
l i q u i d  engines per t h r u s t  event 
t R ) )  , number of SRM engines per  
?nt  (TNE(Z,ITHR);, and SRM point ing 
: f ixed  SRM's (TNE(3&4,1)). The 
> values  are ca lcu la ted  i n t e r n a l l y  
)t input requirements. 
SEC T i m e s ,  from s tag ing ,  a t  which theXp and 
values  i n  CPaTBL and CYQTBL apply. (T0BL 
(1-lo), refer to  xp,  TOBL (11-20) refer i o  
Same as TOBL but  f o r  f i r s t  s t a g e  and refer- 
enced from TLIFT. 
xY) 
SEC 
SEC T ime  a t  end of programmed t i l t -ove r  from 
which ze ro - l i f t ,  zero angle-of-attack, o r  
Mach number dependent alpha p r o f i l e  is t o  
be  flown. The programed t i l t  should be 
accomplished using a l i n e a r  x (KP-1) f o r  t he  
f i r s t  s tage .  One valae of CPFBL and TTBL 
should be  input ,  and the  t i l t  may o r  may 
not  be optimized, according t o  the  coding 
i n  KDB. 
M Longitudinal coordinate  of t he  center  o i  
g rav i ty  corresponding t o  de l ta  weights i n  
TBDWT. See Figure 9-2. 
M Vertical coordinate  of t he  center  of gravi-  
t y  corresponding t o  d e l t a  weight,. i n  TBDWT. 
See Figure 9-2. 
S EC Time a t  t h e  start of t he  t r a j ec to ry .  For a 
normal launch TZER0 is  the  t i m e  a t  l i f t - o f f .  
For a jump s ta r t  TZERO is t h e  t i m e  a t  t he  
i n i t i a t i o n  of the  t r a j ec to ry .  
FT/SEC Booster f lyback c r u i s e  ve loc i ty  desired.  
S EC Vacuum L uf booster .  Used i n  payload cal-  
SP cu la  t ion. 
SEC Vacuum I of o r b i t e r .  Used i n  payload cal-  
SP c u l a t  io>. 
I n i t i a l  s ta te  f o r  a jump s t a r t .  
t he  plumbline s ta te  vec tor ,  W , U , V , X , Y , Z  
( 2 , % , ? , Z , X , Y  i n  t he  Apollo 13) must be input 
If VIV(7)=0, 
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i n t o  VIV(1-6). I f  VIV(7)=2., the  s ta te  \.aria- 
b l e s  VI, y ,  r ,  AZ, geodetic l a t i t u d e  0, and 
node w, must be input i n t o  VIV(1-6). 
I f  payload is required as a cons t r a in t  
VIV(8-10) should contain i n i t i a l  values 
of i d e a l  velocity,back pressure l o s s ,  
and gimbal loss , respect ively.  
I .  
I 
VRCUT FT/SEC Relative ve loc i ty  a t  which the  last th rus t  
event of the  first s t a g e  is t o  be cut  o f f ,  




LUM/SKC Flowratc per engine f o r  each th rus t  event. 
I LM.1 L i f  t u f f  weight a t  'L'ZERd. 
LBM Maximum c r i t i c a l  propel lant  i n  a s t age  from 
which performance reserves  are taken. This 
value is assumed to  include the  performance 
reserves  and must be input i f  IPR is g r e a t e r  
than zero. P rese t  to  zero. 
M/ SEC Wind speeds corresponding t o  a l t i t u d e  i n  
ALTTBL and aximuth angles i n  AZWTBL. 
LBM J e t t i s o n  weights per t h r u s t  event. The ueight  
j e t t i s o n  occurs a t  the end of t he  t h r u s t  event ,  
such as r e l eas ing  the empty f i r s t  s tage.  
Preset t o  zero. 
L 1% Laiirlccl weight of booster fo r  Plybiick Cue1 
c a l c u i a t  ion.  
M Longitudinal coordinate of engine t h r u s t  point  





M Aerodynamic reference length f o r  each s tage.  
M Longitudinal coordinates of t h e  aerodynamic 
reference point .  See Figure 9-2. 
M Lateral coordinate of engine t h r u s t  point 
Location f o r  each e q i n e  of each s tage.  
See Figure 9-2. 
M Vertical coordinate of engine t h r u s t  point, 
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ZREF M 
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Vertical coordinate of the aerodynamic rnoment 




Table 9-1. CONSTRAINT CODES 
The rodes c a n t a i n e d  i n  t h i s  t a h l e  are  i npu t  in to  KCI)PIlT and KCDRES to 
, !es iana tc  the p i v o f f  and t h e  t n t r r n c d f n t e  ant1 tpr rn ina l  const m i n t s  desired 
f o r  thc t r n j e c t o r v .  
t h e n  hc inpi i t  t n t n  PSIREO and PSTRTT. 









































I CONSTRAINT OR PAYOFF 
Payload 
Inertial velocity 




Inertial heading angle (+ East from South 
Colatitude 
Inclination 




Maximum dynamic p r e s s u r e  
True anomaly 





Table 9-2. OPTJClIZATION CODING 
The KDB l o c a t i o n s  l i s t e d  below w i l l  p rovide  op t imiza t ion  of t h e  corresponding 
parameter when the  l o c a t i o n  con ta ins  a 1. For no optimizatio.1 of given para- 
meter ,  t h e  parameter is e i t h e r  he ld  4 t  a cons t an t  va lue  or is determined a5 a 
consequency of o t h e r  parameters.  All KBD l o c a t i o n s  c o n t a i n  ze ro  u n l e s s  i npu t  
o the  mise. 
KDB LOCATLON - 
1 - 1 0  
















'I'NJT~I-IU) 0,orr l  I III~C-) 
Wdl ( l i f t o f f  weight) 
A2 (launch azimuth) 
CPTBL(2) Booster p i t c h  a t t i t u d e  a t  time 
TTBL ( 2 )  
CPTBL(3) Booster p i t  :h a t t i t u d e  a t  time 
TTBL (3) 
CPTBL(4) Booster p i t c h  a t t i t u d e  a t  t i m e  
TTBL (4) 
CPTBL(5) Booster p i t c h  a t t i t u d e  a t  t i m e  
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CYTBL(2) Eooeter yaw attitude at tlme 
TTBL(12) 
CYTBL(3) Booster yaw attitude at time 
TTBL( 13) 
CPmBL(1)Orblter pitch attitude at time 
TBBL (1) 
CP@TBL(i)Orblter pitch attitude at time 
T0BL (2 1 
CPBTBL(3)Orbiter pitch attitude at time 
TbBL(3) 
CYQ)TBL(l)Orblter yaw attitude at time 
T@BL ( 1 1) 
CYT~EL(2)Orbiter yew attitude at time 
T0RB (12 1 
Table 5-3. TFRUST EVENT CUTOFF OPTIONS 
th rus t  event according t o  t h e  value of MSWCH(ITHRI, where ITHR i s  t he  number 
of t h e  thryrst event. 
reaches the  f i r s t  t r i g g e r  value se l ec t ed  f o r  t h a t  event,  except f o r  the g-limit 
t c igge r  when used ..:.Ith conLinuous t h r o t t l i n g ,  i n  which case t h e  t r i g g e r  
( i f  i t  is t\e f i r s t  t r i g g e r  reached during t h e  t h r u s t  event) will cause only a 
p r i n t  of t h e  a t a t e  a t  t h e  time when the g-limit  was reached. 
event w i l l  continue then u n t i l  t he  next t r i g g e r  i a  reached, with t h e  t h r u s t  
adjusted BO t h a t  the F - l i m i t  is held for t h e  remainder of t h e  t h r u s t  event. 
The t a b l e  below lists t h e  t r i g g e r s  t h a t  are turned on f o r  a p a r t i c u l a r  
The t h n i s t  event will be terminated when the  t r a j e c t o r y  
The t h r u s t  
The abeolute value of MSWCH IR used t o  denote the  t r i g g e r s  t o  be turned on, 
while t he  a lgeb ra i c  s ign  tel ls  t h e  program whether t o  uBe continuous (+) o r  
d i s c r e t e  (-) t h r o t t l i n g  a t  t h e  g-limit .  









FUEL, G-LIMZT, VSUBR 
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Res t o r a t  i on 
SWP 
PAYOFF 
OPTIn IUT  I ow 
STEP 
I 
LPRINT = 2 LPRINT = 1 LPRINT = 0 
Trdjectory Block Output Trajectory Block Output Trajectory Block Output 
The t ra jec to ry  block i s  
pr in ted for every iteration.. 
Only f i r s t  and f i n a l  t r a -  
j ec to ry  blocks are pr inted. 
The weight susrrnary tab le i s  
provided a t  the end o f  the 
r e s  torat ion step pr in tout .  
Same as LPRINT - 1 
-- 
Optimization Procedure Output Optimization Procedure Output Optimization Procedure Output 
Output forrnats 1 th ru  6 Same as LPRINT = 2 
Trajectory Block Output Trajectory Block Output Trajectory Block Output 
Sane as above 
Output fonnats 1 ,  5, and 6 
Same as LPRINT - 1 Only f i r s t  and final t r a -  
jectory  blocks are pr inted. 
The weight sufmmry t ab le  i s  
pr in ted a t  the end o f  the 
opt imizat ion step. 
Optimization Procedure Output Optimization Procedure Output Optimization Procedure Output 






Table 9-4. USE OF LPRINT OPTION 
An itentticn is defined 08 a penoMnt paranetel. update. 
, *  
, 
. .  . .\ . .- 
a 
9.3 DETAILED OUTPUT DESCRIPTION 
The RAGMlbP output is d?vided i n t o  two groups; 1) the  t r a j ec to ry  output ,  
which d isp lays  t h e  running account of the  r e s t o r a t i o r  and opt imizat ion pro- 
cedure, and 2 )  postprocessor output i n  t h e  form of publ ishable  output t a b l e s  
and p lo t s .  This subsect ion descr ibes  the  output of t he  t r a j e c t o r y  and t h e  
input requirements and t h e  outpbt of t he  postprocessor modules. 
9.3.1 Troiectory Output 
The RAGMBP t r a j e c t o r y  output can be c l a s s i f i e d  i n t o  the  following t h r e e  
general  areas : 
0 Namelist Input.  All Namelist da t a  i s  p r in t ed  descr ib ing  t h e  cur ren t  
s t a t u s  of each va r i ab lc  i n  t h e  Namelist input  a r r ay ,  Included wi th  
t h e  Namelist, immediately preceding t h e  f i r s t  Namelist va r i ab le ,  
t he  loca t ions ( in  meters) of t h e  equivalent  engines used i n  t h e  moment 
balance scheme f o r  each s t age  are p r in t ed  f o r  reference.  
I 
0 Trajectory Block Output. Variat ion of t h e  equat ions of motion as w e l l  
as o the r  pe r t inen t  d a t a  is pr in ted  by a block p r in tou t  based on 
p r i n t  i n t e r v a l ,  d i s c r e t e  events ,  o r  d i s c o n t i c u i t i e s  i n  tne equat ions 
of motion. A page of output c o n s i s t s  of a header row p r in t ed  a t  t h e  
top of " e  page {containing t h e  case number, t he  HEAD input card 
ho l l e r i cn  f i e l d ,  and the page number) and four  block p r in tou t s  (see 
Figure 9-3) .  I f  t he  block format i s  descr ib ing  an  event ,  t h e  block 
w i l l  have displayed t o  i t s  l e f t  one of t h e  following capt ions:  
LIFTflFF - i n i t i a t i o n  of t h e  t r a j e c t o r y  from t h e  launch si te.  
IGNITI@N - jump start. 
THRUST-EVENT - s p e c i f i e s  t h e  beginning of a t h r u s t  event .  
ENDATILT - s p e c i f i e s  beginning of angle-of-attack con t ro l  h i s to ry  
10,KMS - 10 k i l m e t e r s  a l t i t u d e  has been reached. 
14,KMS - 1 4  kilometers a l t i t u d e  has  been reached. 
Q,MAXIMUM - maximum value of  dynamic pressure.  
MACH,flNE - the  value MACH - 1 has  been reached. 
BEGIN,GLIMIT - apecif  ies the  beginning of e i t h e r  a d i s c r e t e  o r  coiitinuouu 
t h r o t t l i n g  event. 
INJECTION - intermediate  and terminal  t r a j e c t o r y  cons t r a in t s  are imposed 
a t  these  t i m e  points .  










The block p r in tou t  conefete o f  eleven l i n e a  of output having t h e  following 
labeled mnmonice : 
Line 1 -
TIME - t i m e  from l i f t o f f  (sec) 
RANGE - r e l a t i v e  range from t h e  launch s i te  t o  veh ic l e  eubpoint (n m i )  
RNGAN - i n e r t i a l  range a n g l e  between the  launch s i t e  and t h e  vehicle  
radius  vector  (deg) 
THRST - t o t a l  vehicle  t h r u s t  ( lbs )  
XMLB - t o t a l  weight (lbe) 
LACC - longi tudinal  acce le ra t ion  (g's) 
Line 2 
213-X - Apollo 1 3  Z pos i t i on  coordinate,  RAGMaP X coordinate (m). 
X l . 3 - Y  - Apollo 13 X p o s i t i o n  coordinate,  RAGMgP Y coordinate (m). 
Y13-Z - Apollo 13 Y pos i t i on  coordinate,  RAGM0P Z coordinate (m). 
ZU13X - Apollo 13 2 ve loc i ty  coordinate,  RAGM0P k coordinate (m/sec). 
XD13Y - Apollo 13 X ve loc i ty  coordinate,  R A M P  4 coordinate (m/sec). 
YD13Z - Apollo 13 Y ve loc i ty  coordinate, RA-P i coordinate ( d s e c ) .  
Line 3 -
R - radius  from center  of e a r t h  (m) 
VSUBI - i n e r t i a l  veloci ty  (m/sec) 
(;AMI - i n e r t i a l  f l i g h t  path angle (deg) 
A21 - inertial azimuth (deg) 
LAT - geocentr ic  l a t i t u d e  (cieg) 
LONG - r e l a t i v e  longitude (dag) 
Line 4 -- 
ALT - a l t i t u d e  above e l l i p s o i d  (m). 
VSUBR - r e l a t i v e  ve loc i ty  (m/sec). 
GAMR - r e l a t i v e  f l i g h t  path angle (deg) 
AZR - r e l a t i v e  azimuth (deg) 
N@DS - i n e r t i a l  descending node (deg) 
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Line 5 
GDLAT - geodet ic  l a t i t u d e  (deg) 
LTIMP - l a t i t u d e  of t h e  instantaneous impact po in t  (dsg) 
LNGMP - longi tude uf the  instantaneous impact point  (deg) 
CHIP - p i t c h  a t t i t u d e  (deb) 
C H I Y  - yaw a t t i t u d e  (deg) 
CHIR - r o l l  a t t i t u d e  ideg) 
Line 6 
MACH - Mach number (unitless) 
ALPHA - angle  of a t t a c k  (deg) 
BETA - s i d e s l i p  angle (deg) 
DELPC - p i t c h  gimbal command (deg) 
DELYC - yaw gir3al command (deg) 




! Line 7 -
2 Q - dynamic pressure  ( l b s / f t  ) 
2 
()ALP5 - product of dynamic preeeure and angle  of a t t ack  ( lbe  deg / f t  ) 
()BETA - product of dynamic pressure  arid ~ i d e s l i p  angle (lbe dea / f t  ) 
PIT  M - t o t a l  p i t c h  moment (newton-m) 
YAW M - t o t a l  yaw moment (newton-m) 
R@L M - t o t a l  r o l l  moment (newton-m) 
2 
Line 8 -
FAA - aerodynamic a x i a l  force  ( ibe)  
FAS - aerodynamic a ide  force  ( lbe)  
FAN - aerodynamic normal force  (1t.y) 
W M T  - propel lan t  f i a j r a t e  of l i q u i d  mginee  ( lbe/sec)  
T0RB - t h rus t  of t h e  o r b i t e r  engines ( l b s )  









QCBl - productpof dynasnic pressure and the  aerodynemic normal force  c o e f f i A e n t  
VWWD - veloc i ty  of the  input wind (m/sec) 
Aztl - A'xectloa t o  which t he  wind is blowing (deg) 
ISP - i i qu id  engine spec i f i c  impulse (bat) 
TSBn - t h rus t  of the  SRM engines ( lbs )  
DWSRM - w e i g h t  l o s e  of the  SBM engines ( lbs)  
(lba/f t ) 
Line 10 
C k V L  - c h a r a c t e r i s t i c  ve loc i ty  ( d s e c )  
TN,L - turniag loss (dsec) 
GV,L - grav i t a t iona l  lose  (m/aec) 
DILL - drag lose ( d e e c )  
BI(p,.L - back premure l o s s  (mleec) 
GIML - gimbal lose  (rn/sec) 
(See Appendix F) 
L i n e  11 
ID,VL - Idea l  ve loc i ty  (see Appendix F) 
GIMAN - p i t ch  gimbal angle of two engine equivalent f o r  zero aerodynamic 
or SRH mOmeats 
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Figure 9-3. TRAJECTORY BLOCK PRINTOUT 
i 
L 
I -  
I 
I 
After completion of the  t r a j e c t o r y  simarlation, a second block of data  is 
output which presents  a weight eummary of t he  subsystems of t he  vehicle .  
These weights are used i n  th.i d e f i n i t i o n  of t he  payload weight. 
shown i n  Figure 9-4. 
This block ie 
The var i ab le6  are defined a6 follows: 
UP@ltEi 
CMIEL - c h a r a c t e r i s t i c  ve loc i ty  ( f t / s e c )  
DELVP 
FPR - f l i g h t  performance reserves ( lb )  
WRESID - computed r e s i d u a l  weight ( lb )  
CRSMJT - constant res idua l  weight ( lb )  
WTANK - computed tank weight ( lb)  
CTNKWT - constant tank weight (lb) 
WDROP - drop weight ( lb )  
WPfW - OMS propel lant  weigh. ( l b )  
P A W  - payload ( lb)  ( the  value w i l l  be  negative when payload is t h e  
- o r b i t e r  propel lant  burned ( lb )  
- delta ve loc i ty  f o r  performance reserves  ( f t / s e c )  
payoff s ince  maximization is performed by minimizing a negative 
number. ) 
Figure 9-4. PAYLOAD HEIGHT BLOCK 
i 
.. . - 
I" 
A t r a j e c t o r y  conet ra in t  eMlmary table is then printed which presents  t h e  
pclyol'f, tha error in the dealred crqu@llty conHtrelitts It,  the preeeril and 
previous t r a j e c t o r i e s ,  the amount of change requested from the previous run, 
t h e  amount of change obtained, and t h e  percentage of p r e d i c t a b i l i t y  (see 
Figure 9-5).  




Optimization Procedure Output. Following t h e  t r a j e c t o r y  output are 
severa l  va r i ab le s ,  vec tors ,  and matr ices  used i n  t h e  opt imizat ion p t x e d u r e .  
The input va r i ab le  LPRINT however w i l l  l i m i t  t h e  amount of p r in tou t  obtained 
from t h i s  area.  
opt ions.  
agree with t h e  nomeaclatt.-e of Table 9-4. 
Table 9-4 lists t h e  output  obtained using t h e  var ious  LPRINT 
To sepa ra t r  the  var ious  outputs  a number w i l l  be used which w i l l  
1) Influence Coeff ic ient5 - This block of output provides t h e  use r  with 
t h e  var ious  p a r t i a l  de r iva t ives  of t h e  c o n s t r a i n t s  with respect t o  
t h e  opt imizat ion parameters. 
funct ion of t h e  number of e q u a l i t y  c o n s t r a i n t s  ( l e f t  to  r i g h t  on the  
page) and of t h e  number of opt imizat ion parameters (top t o  bottom). 
The header "F4RWARD DIFFER€PCES" or  "CENTRAL DIFFERENCES" relates 
t o  t h e  method used for determfnlng t h e s e  numerical p a r t i a l  de r iva t ions  
( see  Figure 9-6). 
The s i z e  of t h i s  output block is a 
Y 
C E M ~ M A L  u I F F € ~ ~ * L E S  
rOtta&Ro p l F C L n L n C t S  
OR 
1NCLuErsCP COCFFlCltmTS 
-eV2*1*U&S*s3 -.meosoo-o1 - *7@0135S3°0Y -15iauteo*,i -.IJlU75l6-31 
e000400GO .2sbSii*a*uz -.b9533b09°0! -.v&5v80 I7*b* e*bSS273**93 
.lvltJl*Z*O* ld032227*J3 e 00003000 ~ e I ~ O 2 1 @ 4 * * ~ 1  mJ7~21981-01 
e00053000 0 ~ 2 0 b 2 1 * 3 * 0 1  -.123Lab1S*OO - * 0 6 ~ l C J d l * < q  -ezoo31Iae*aJ 
e aooouodu .L72I~V30*02 -e21851*11*0O - e 7 1 6 d I * Z \ ) * ~ *  .00C00000 
.9b000300 bw04adO .I?S2bbbP*Ot -*47'J*7b02*00 - . * o l * V l i b * g *  
Figure 9-6. INFLUENCE COEFFICIENTS TABLE 
2)  Weighting Matrix (HWIBT) - I d e n t i f i e s  t h e  weighting matr ix  used i n  
t h e  opt imizat ion procedure t o  normalize the  var ious permetere 
(conauk Section Iff)  (See Figure 9-7).  
GIG 
.IUOOLOUU.UL .u0000000 .n*OO*"bO .ooooolluU eUUOQUnOO .OUooUUUO .oouououo 
.OUOOU000 .OU000ru0 .UOOOUOUO .00000OUU .360aiba-*oi .r)ooocnou .OOI'OOUUO 
.0000UOOU .*ooooooo .rl.IJ~la-ut .oo~oonUo .UUOOY000 *OU00@LlU0 .0000UOUO 
.OUOOU300 .JQOO0030 .0000*000 b7ba 7 7-113 e UUOOUOOO .UUOOOUJll .OOUOGOUO 
.UOuOOO~O ~00000000 .*U000000 ~nnOOn000 .0n000UUO .lU.a?9Ll-C; .OCOOOCU\l 
.n00049oE .00n00UUU eUUOOUO09 e2b**ObJ4-03 *00UOCOuO .00000000 e JOOOOOnO 
.000000UO ~ouoooooo .noaoo3uu .00000UUO .OUOOU00U *o*LlOocUO D O U * S I S * ~ - O ~  
Figure 9-7. WEIGHTING MATRIX OUTPUT 
3 )  Tota l  I-SY-SY Matrlx - Matrix prodircte used in t h e  opt imizat ion 
procedure (consult Sect ion I I I )  (eee Figure 9-8) . 
Figure 9-8. TOTAL I-SY-SY MATRIX OUTPUT 
9-28 
! 
.I . . 
i: 
I .  
i 
c 
4) DRH(6, WDS, GNU - The v a r i a b l e s  are defined i n  the following miinner 
(see Figure 9-9) : 
DRHd - equa l i ty  constra;.nt e r r o r s  used i n  parameter update equation. 
WDS - product of t o t a l  I-SY-SY matrix and DRHg vector.  
CNU - matrix product used in optimization procedure. 
DRMOmUDSm6NU 
- 0 0 3 0 3 ~ 5  IS-o I - b 6 Y i f l h ) q - U  I w s i  n )uv*tiz 
0 1 7 2 * ? 3 t 9 ~ 0 &  mbbb239*6*00 w*20d5@q41*UJ 
*JS@*V*Jq*U& oblAOqOvv2-U3 ' * l ' l V d 7 7 * 1 ° n l  
*296*JSSb*0) *q3n7P*)6-03 * 3 1 0 * ~ 2 ~ 5 * 0 U  
~ ~~-~ ~ ~ -- - 
Figure 9-9. ORHO, WOS, GNU OPTIMIZATION PARAMETERS 
5 )  E l ,  E2 - Values of t h e  r e s t o r a t i o n  and optimization con t ro l  s t e p  
v a r i a b l e s  E2 and El (see Figure 9-10] 
CZ* b I J X C Z O O * O I  
Figure 9-10. CONTROL STEP VARIABLES PRINTOUT 
6 )  Parameter update and convergence test block - The following va r i ab le s  
are p r in t ed  i n  t h i s  block (see Figure 9-11). 
DPAR - optimization parameter update requirement (one pe r  parameter). 
8LD,PCTGN - post convergence f a c t o r  f o r  parameters (one per parameter). 
NEW..PC@N - present convergence f a c t o r  f o r  parameter (one pe r  
PASCALE - convergence parameter normalization f a c t o r  (one per  
TAUT(1) - if t h e  is being optimized, p r i n t s  out updated t i m e .  
W01 - i f  l i f t o f f  weight is being optimized, p r i n t s  out updated w e i g h t  
AZ - if launch azimuth is being optimized, p r i n t s  out updated launch 
CPTBL(1) - i f  t he  booster  p i t c h  a t t i t u d e  is being optimized, p r i n t s  
CYTBL(1) - if the booster yaw a t t i t u d e  is being optimized, p r i n t s  
CPQTBL(1) - if the  o r b i t e r  p i t c h  a t t i t u d e  is being optimized, p r i n t s  
CY6TBL(I) - if the  o r b i t e r  yaw a t t i t u d e  is being optimized, p r i n t s  




out updated values.  
out updated values. 
out updated values.  
out  updated values.  




7) The QY (or El) search output - a f t e r  t h e  program has m e t  t h e  terminal  
condi t ions,  t h e  opt imizat ion procedure starts by varying t h e  value 
of t he  con t ro l  s t e p  E l  (Section I11 r e f e r s  t o  t h i s  parameter as OY).  
men performing t h i s  search seve ra l  add i t iona l  parameters are pr in ted  
(see Figure 9-12). 
TQrSLP - t h e  s lope  of t h e  performance index with respec t  t o  t h e  
NSRCH - i nd ica t e s  t he  number of po in ts  i n  t h e  QY search.  
CQJMPBSITE,PAY@F INDEX - t o t a l  de r iva t ive  of t h e  constrained payoff. 
Qy - value of t h e  cont ro l  s t e p  used. 
PREDICTED PAYdFF INCEX - t h e  est imated value of t h e  payoff index using 
cont ro l  s t e p  v a r i a b l e  El. 
e i t h e r  t h e  c o e f f i c i e n t s  of t he  quadra t ic  or 
cubic  f i t s .  
QUDRATIC.,FITAF9?ReQY - value  of QY predicted by t h e  quadra t ic  
approximat ion. 
CUBIC,FIT,RUR,QY - value of QY predicted by t h e  cubic  approximation. 
After t h e  converged t r a j e c t o r y  has been p r in t ed ,  t h e  following output 
will occur: 
Orb i t a l  element summary t a b l e  - t h e  following i n j e c t i o n  var in  ;les are 
TIME - time (sec).  
RANGE - r e l a t i v e  range (m) . 
RANGEANGLE - r e l a t i v e  range angle  (deg) . 
INERTIAL VEMCITY - inertial ve loc i ty  (mleec) . 
RADIUS - radius (m), 
FLImT-PATH-ANGLE - inertial f l igh t -pa th  angle  (deg) . 
INCL - i nc l ina t ion  (deg) . 
8) 

















i - .  ' 
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1 
Figure 9-1 3 .  ORBITAL ELEMENT SUMMARY TABLE 
I 
t 
. -  . 
I 1 
* .  
* \  -. 
DES .NaDE - descending node (deg) . 
FLIGHT AZIMUTH - launch azimuth (deg). 
GDLAT - geodetic l a t i t u d e  (deg). 
GCLAP - geocentric l a t i t u d e  (deg). 
LONG - longitude (deg). 
INERTIALAAZIMUTH - inertial azimuth (deg). 
C 1  - angular momentum magnitude (m /eec). 2 
WEIGHT - ~ S S  ( lb) .  
2 2  C3 - vis  viva i n t e g r a l  (twice the  energy) (m /sec ). 
ECNTRICY - o r b i t a l  e c c e n t r i c i t y  (uni t less) .  
APQGEE.RADIUS - radius  of apogee (m). 
PERIGEEAADIUS - radius of perigee (m). 
AP(bGEEAALTITUDE - apogee a l t i t u d e  above e l l i p i s o i d  (n m i ) .  
PERIGl?E,ALTITUDE - perigee a l t i t u d e  above e l l i p i s o i d  (n mi). 
After the  o r b i t a l  element summary table the parameter set; t h a t  y i e l d s  the 
converged t r a j ec to ry  is printed (see Figure 9-14). 
Parameter summary t a b l e  -- The values of a l l  parameters, whether 
optimized or fixed, are pr inted fo r  reference. 
Figure 9-14. C H I  PARAMETER VALUES 
The last pr intout  of t he  converged t r a j ec to ry  18 the comment, 
"TELL EM RAGMOP D I D  IT". 
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9.3.2 Postprocessor Option 
The user  has t h e  opt ion using the  va r i ab le  NTABLE t o  r equ i r e  the  execu- 
t i on  of t he  postprocessor modules B0PPTL and BOPTBL. 
descr ibe  both t h e  input requirements and t h e  output fo r  use of these  modules. 
The following paragraphs 
9.3.2.1 BaPTBL Input/Output. 
under t h e  input i n t ege r  va r i ab le  NTABLE i nd ica t e s  t he  use of t h e  output r e p c r t  
t a b l e  and subroutine,  BOPTBL. A second Namelist input package, SINPUTZ, is 
required a f t e r  t h e  t r a j e c t o r y  input ,  SINPUT. The d e f i n i t i o n s  f o r  t h i s  
Namelist package are described in Table 9-5.  
The se l ec t ion  o f  t he  first o r  t h i r d  opt ion 













~~~~~~~ ~~ ~ 
Ho l le r i th  F ie ld  f o r  calendar data 
Case number desired on output 
Ho l l e r i t h  F ie ld  f o r  Off ice 
Ident l  f icat ion 
Ho l le r i th  F ie ld  f o r  optional thrust  
event notation. One notat ion 
requires 2 f ie lds.  (Replaces the 
header "THRUST EVENT" wi th  data found 
i n  SRID) 







*A p ix  l e t t e r  Ho22srith field mkee up one dimeneion lsngi$h. 
Output f o r  subrout ine BdPTBL cons i s t s  of f i f t e e n  t a b l e s  s u i t a b l e  fo r  
publ icat ion.  
t e m ,  t he  next seven t a b l e s  g ive  the  same va r i ab le s  ir. the  English system, and 
the l as t  t a b l e  is a t a b l e  of contents  and a l is t  of d e f i n i t i o n s  f o r  the  var ia-  
b l e s  i n  the  various tab les .  Preeented i n  Figure 9-15 are examples of the  out- 
p u t  t ab l e s  one through fourteen. Table f i f t e e n  is shown f i rs t  to  descr ibe  the 
loca t ion  and d e f i n i t i o n  of t he  var iab les .  
sample problem. 
The f i r s t  seven t ab le s  give t h e  output va r i ab le s  i n  the MKS sys- 
Also shown is a d a t a  se tup  f o r  t he  
9-34 
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Flgure 9-15. BOPTBL OUTPUT 
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Figurg 9-15. BOPTBL OUTPUT (Continued) 
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Figure 9-15. 
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* .6 69 
-.Io1 





W S  
-90.5K5 
-a .5 55 
-8 lb. 565 



















- W  -559 
-Ob. 559 




-90 -5 1 7 




t a m t  he. a 
































































1 0. 000 
521 W O  
51.000 
56.000 
sa . 000 
I?.#lO 
m.oco 
. .  
- \  ' 
_ - -  
.ma _. 

























. U t 8  
. O f 0  
.os2 
. O f 1  
-031  
Figure 9-15. BOPTBL OUTPUT (Continued) 
9-41 
- * a 3  
-00 00 




































L t c  t-ow 0000 
1-000 

















S L  000 
SU 0000 
-DODO0 
I O - O M  
ao.000 






S I  0000 
56.000 
51 .ooo 
. .  




















.a00 . EM, 
.ooo 





.000 . 000 





















. O M  
-000 



















-I f - .I - 1.9 







-)r -5 - l l . .O 
-1 w.0 - 192.2 








- m e 9  
-39.4 
- l O B S S  
-1a11.1 
- U Z l . S  
-iwa.s i 
t 
i t  
I' 
Figure 9-15. But'iBL OUTPUT (Continued) 
9-4 2 
i 
' I  
1 . . .  
















2 0. 000 
n -000 
2 ~ 0 0 0  
m*000 
















. .  
- \  ' 
1 1 P  
LO m 





-00.6 - 00.6 
-M.c; - 00.6 
-60.6 
-80.6 
-00 -6 - 80.6 
-00.6 
-00.6 













-80.5 - eo. I 
-00 .f - 0o.s 
-Oo.s 







l Q S * I ? s  





310. I 3 6  
31 T .OBI 
U67.619 
Y 8 -  4 8 6  
OIS.662 
-0.936 








KO). 1 V9 






e ~ ~ 9 f 8  
Flgure 9-1 5.  BOPTBL OUTPUT (Concluded) 
9-4 3 
'f 
. .  . *, ' 
-a> _ -  .- 
a 
i 
9 . 3 . 2 . 2 .  BOPPLT InputIOutput.  The s e l e c t i o n  of  t h e  second or t h i r d  o n t i o n  un- 
de r  i n t e g e r  v a r i a b l e  NTABLC i n d i c a t e s  t h e  use of  t h e  ou tpu t  CALCOMP p l o t t i n g  
subrou t ine ,  MPPLT. If  t h e  second o p t i o n  is used,  t h e  B4PPLT s u b r o u t i n e  is 
used and r equ i r ed  inpu t  f o r  t h i s  s u b r o u t i n e  d i r e c t l y  fol lows t h e  t r a j e c t o r y  
inpu t ;  however, if t h e  t h i r d  o p t i o n  i a  used, t h e  BbPPLT input  fol lows t h e  
B6PTBL i n p u t .  The input  for  t h e  BdPPLT subrou t ine  co. is is ts  of  a series of  
formatted inpu t  ca rds .  These formatted inpu t  c a r d s  w i l l  be desc r ibed  as a 
series of c a r d  sets. 
- Card Set  1. 
up 27  H o l l e r i t h  f i e l d s .  
each and t h e  t h i r d  ca rd  has  one h o l l e r i t h  f i e l d ,  a l l  start in column 1 ) .  This 
card set is used for one-way communication between t h e  u s e r  and t h e  o p e r a t o r  
of t h e  CALCOMF' p l o t t e r .  
t h e  o p e r a t o r  where t o  send t h e  p l o t ,  what pen t o  use  fo r  t h e  p l o t t e r ,  and 
what c o l o r  Ink t o  use.)  
(13A6/13A6/Ad) The f i r s t  ca rd  set c o n s i s t s  of t h r e e  c a r d s  making 
(The f i r s t  two c a r d s  c o n s i s t  of 13 h o l l e r i t h  f i e l d s  
(An example of t h i s  communication would be  t o  t e l l  
Card Se t  2. (4A6,2El0.5,4A6,E10.5,12) T h i s  ca rd  set w i l l  be  r e f e r r e d  t o  as 
t h e  p l o t  ca rd  s ince  t h e  information on t h .  ca rd  is used t o  determine what w i l l  
be p l o t t e d .  
The inpu t  card is made up of  a combination o f  alphanumeric and numeric 
Alphanumeric words which are used i n  t h e  d e s c r i p t i o n  o f  t h e  r e q u i r e d  p l o t .  
words on t h e  blot card are used i n  t h e  l a b e l  -ig of t h e  a x i s  on t h e  CALCOMP 
p l o t t e r .  Hnemonics corresponding t o  t h t s  c a r d  set are INAME(1-O), XFAC, 
XMAX, INAME(5-8), YFAC, N and are de f ined  as fol lows:  
t h e  alphanumeric name of t h e  X v a r i a b l e  r equ i r ed  for  p l o t t i n g  
(eee Tablc 9-6 f o r  opt ion-)  
t h e  olphonumeric name of t h e  u n i t s  o f  the X v a r i a b l e  required 
f o r  p ! o t t i n g  ( s e e  Table 9-7 for o p t i o n s )  
a d d i t i o n a l  alphanumeric words r e q u i r e d  by user  o n  X axis 1at)cl 
(opt iona 1) 
i n p u t  m u l t i p l i c a t i o n  f a c t o r  ( o p t i o n a l ,  i f  less than o r  equal  t c  
ze ro ,  XFAC is  set  t o  one) 
The maximum va lue  of t h e  X component r equ i r ed  f o r  p l o t t i n g  
( o p t i o n a l ,  set  t o  l . E  + 20 i f  i npu t  less than or equa l  t o  
ze ro )  
t h e  alphanumeric name of t h e  Y v a r i a b l e  r equ i r ed  f o r  p l o t t i n g  




. .  
. *  . .  
INAME(6) 
WAME(7-8) - additional alphanumeric words required by user on Y axis label .  
- the alphanumeric nane of the units of the Y variable required 











(opt ional ) 
the number of label cards to follow the plot used. - 



















































See General Progrwn Output, Seotim 9 . 3  for definitions of 
p a r m t e r e .  
T a b l e  9-7. ALPHANUMERIC UNIT WORDS FOR BOPPLT INPUT 
INPUT WORD 
~ 














CAL/ M** 2 
DEGREES 
FEET 










































. .  . '  . .  
I t  is important t h a t  t he  user  be c a r e f u l  i n  h i a  s e l e c t i o n  of the  alpha- 
numeric words s ince  the  subroutine w i l l  only recognize the  words of Tables 9-6 
and 9 - 7 .  If t h e  user  does misspel l  a word, t h e  subrout ine writes out t h e  
comment I' I S  NOT A RECOGNIZABLE PARAMETER WORD, CONSULT USER'S GUIDE/ 
IS NOT THIS PLOT HAS BEEN ABCRTED" If t he  word is  a parameter, and " _.- 
A RECOGNIZABLE UNIT WORD, CONSULT USER'S GUIDE/THIS PLOT HAS BEEN ABORTED" if 
t h e  word is a u n i t .  I f  e i t h e r  word is i n  e r r o r ,  t h e  present  p l o t  is aborted 
and t h e  next  ? l o t  card is read. 
The p l o t  card can a l s o  be used f o r  two a d d i t i o n a l  purposes; 1) a comment 
can be used f o r  i d e n t i f i c a t i o n  by placing a "C" i n  column L-.e with f i v e  spaces 
( see  subsection 9.4.3). The rest of t h e  card (o the r  than t h e  numeric por t ion)  
can be used f o r  alphanumeric words. A comment card ,  when read is pr in t ed  and 
ignortd. 
cards  and the end of t h e  p l o t t i n g  requirements. 
s t a r t i n g  i n  column one ca l l s  t h e  f i n a l  CALCOMP subrout ine and terminates  the  
p l o t t i n g  sequence ( see  subsect ion  9.4 . 3 )  . 
2 )  " ' 7  p l o t  card can also be used t o  I d e n t i f y  t h e  end of  t h e  p l o t  
Placing t h e  word "ENDPLT" 
Card Set 3. (En.5,2E1C.5,5A6) This card set ,  which wi.11 be c a l l e d  the  l a b e l  
card,  is an opt ional  set based on t h e  value of N i- l o t  card.  I f  N=O, 
no l a b e l  cards  are required,  and if N>O, t h e  camber - _  l a b e l  cards  w i l l  be a 
funct ion of t h e  value of N .  
following: 
X - t h e  la te ra l  loca t ion  of t h e  l a b e l  referenced t o  t h e  o r i g i n  of t h e  
Y - tne horizontal  l oca t ion  of t h e  l a b e l  referenced t o  the  o r i g i n  o f  t he  
Yll'l' - the I ic.1Klit  ol Ihc. l e t tere  i n  Llic. lribel (Input 1 1 1  i i i i t t H  0 1  I / /  o I  :in 
LBCN 
Mnemonic correspondine t o  the l a b e l  card are t h e  
X, Y, YHT, LBCN where, 
axes (input i n  inches) 
axes (Input In inchee) 
inch. For most labels a value o f  1 is adequate). 
- Alphanumeric words used f o r  t he  l a b e l  (not t o  exceed 30 spaces).  ! 
Output f o r  t h e  BaPPLT subrout ine is  shown i n  t i g u r e s  9-16 and 9-17. 
Figure 9-16 shows t h e  paper output of t h e  p lo t  cards ,  whereas Figure 9 - 1 7  
shows t h e  p lo t t ed  information. 
9-46 L 
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Figure 9-16. PAPER OUTPUT FOR BgPPLT 
c5t32 17  
-~ ~ 
Figure 9-17. BOPPLT PLOT OUTPUT 
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., L 
- ... , 
-'a .sat 
! 
C; . q q  














E N D  
q- 
c 
B I N 2 1 5  
43271  1 
R R C N O P  C5G2 1 7  
075203 I 
I 
Figure 9-1 7. (Concl uded) 
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9.4 COMSTRUCTION O f  THE DAtA O W N  
9.4.1 Control Cards 
The card input sequence for a given case on the RAGMOP program Is 
initiated by the computer system dependent control cards. The S F C  Univac 
1108 Exec "111 syst-a control cards are set up arid arranged corresponding 
to the sample control data input of Figure 9-18. 
control cards is presented below (for a better understanding of them or any 
other contro!. czrds the user should consu?c the appropriate Programner's 
Prxedures Mama1 . ) 








Card 1. - 
Card 2 .  -- 
Card 3. 
Lard 4.  
Zard 5. 
Card 6.  
Card 7 .  
"?RUN, 1 1 T ..RA2M@P, Seq # , NAMEB I N ,  T IME ..PAGE / CARDS I' 
This  card is t h e  run card which executes  t h e  c o n t r o l  stream logic  
a i d  provides t h e  computation l a b o r a t o r y  with p e r t i n e n t  infonnat  ior. 
concerning t h r  name of t h e  j o b ,  t h e  j o b  charge number, t h e  name of  
t h e  u s e r ,  che use- - ' s  b i n  nusber ( f o r  r e t u r n ) ,  t h e  maximum C.P.U. 
L i m e  of t h e  run, t h e  m a x i m u m  number rrf pages, 2nd t h e  maximurc 
number of ou tput  cards .  
"@ASG , T,RAGl@P, T, TAPE#" 
I f  t h e  program is  s t o r e d  on magnetic t a p e ,  t h i s  card is used to 
i d e n t i f y  t h e  t a p e  number and ass ign  a n a e  for t h e  t a p e  for 
execut ion purposes. 
"@REWIND ..RAGMOP 
Assures a rewind of t h e  progran t a p e s  t o  the f i r s t  record.  
"@C@PIN ~ RAGMaP , TPF$ 
Copies t h e  program t q e  onto  a temporary s t o r a g e  drum f i l e .  
"(?FREE RAGM@P 
Frees  t h e  program t a p e  from t h e  c o n t r o l  strcain, rewinds t h e  t a p e  an-' 
t u r n s  of f  t h e  t a y e  u n i t -  
"@MAP, IS ,M0P ,MB)P" 
Processor ca l l  statement f o r  t h e  c o l l e c t o r ,  t h e  name %@P" is given 
to  t h e  program f i l e  conta in ing  t h e  b inary  elements of t h e  program 
subrout ines  and t h e  requixed e x t e r n a l  ( l i b r a r y )  subrout ines .  
" LIB ,SYS&*MSFC$ . 'I 
Control  card  t o  o b t a i n  MSFC l i b r a r y  subrout ine  packape. 
Cird 8-13. Pragram over lay  c a r d s  ( requi red  t o  g e t  wi th in  32k l i m i t s  a t  MSFC); 
o p t i o n a l  i f  t h e  32k case l i m i t  is  n o t  imposed.) 
Card 14 .  "@XQT,M(6P" 
Demands a t e c u t i o n  of t h e  program f i l e  M@P. 
Tra jec tory  input .  
--- "@FIN". 
Namelist input  f o r  t r a j e c t o r y  s imulat ion.  
S p e c i f i e s  f i n a l i z a t i o n  of t h e  c o n t r o l  flox. 
4 
! 
?.4.2 Namelist Input 
Program input  ;except ,or t h e  BflPPLT input )  uses  t h e  Namelist format.  
X a e l l a L  is a Por,.ar. V input  r o u t i n e  which groups and s t o r e s  t h e  Input  i n t o  
var ious  sets of input  d a t a  depending upon ?he alphanumeric name of t h e  v a r i a b l e s  
9-54 
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-a 
and t h e  dimension of t he  var iab les  i n  the  c a l l i n g  subroutine.  
t he  Namel i s t  type of input ,  t he  user  should be aware of the  following ru les .  
Before using 
1. No Namelist fnput  (names and data)  may start i n  co:umn 1. 
2. The f i r s '  cont ro l  card of a N a m e l i s t  group of daLa must contain a 
dol la r  s ign ($1 follc-sd by an ident '-f ication name. This name is 
followed by a t  least one blank character .  
3. Namelist da t a  must take  one of t h e  following forms 
a. va r i ab le  name = constant ,  where va r i ab le  name may be an a r r ay  
element name o r  a simple va r i ab le  name. 
constants.  
Subscr ipts  must be in t ege r  
b. a r ray  name = set of constants  (separated by commas), where K* 
constant ,  may be included t o  represent  K constants  (K must  be an 
unsigned in teger ) .  
be expressed. 
The following we two examples of how TLH may 
TIM = 52., 5 2 . ,  52., 52., 
TIM = 4 * 52., 
c. subscr ipt  va r i ab le  = set of constants  (separate6 by commas). This 
causes elements t o  be loaded, s t a r t i n g  with t k e  ilement designated 
by t h e  subscr ip t ,  I n  consecutive order.  
4. 
5 .  
All da ta  elements must be separated by commas. 
Table 9-8 l l a t e  t h e  types of constants  which may be u t i l i z e d  v i t h  
Namelist, t h e  d e f i n i t i o n  of the  cons tan ts  and thei: magnitude l i m i t t  






Table 9-8. NAMELIST CONSTANTS 
DEFINITION 
1 t o  11 d i g i t s  w r i t t e n  
without a decimal po in t .  
( f! xed poi n t  number 1 
1 t o  9 s ign i f icant  d i y i t s  
rcrit+-ai\ with a decimal 
point ( f loa t ing  point  number) 
1 t 3  18 signif icdnt  a i g i t s  
wr;tten with a decimal 3oint  
MAGNITUDE 
- + 1o1O 
38 - I O  
308 - ,o+308 10- 
i 
9-55 




Fortran V assumes t h a t  all v a r i a b l e  names begfnninK with 1 ,  J ,  K, I . ,  
M o r  N are I n t e g e r s  m a  thi - al lows no d e c i m l .  (Unless t h e  ver!; ible  is 
REAL i n  t h e  input  eubroutlne).  Variable  name4 beKinnlnK In i l ther than 
these  s i x  l e t t r  'Q met conta in  a decimal. 
Each card  i n  .&e Namelist which conta ins  d a t a  must end with a coma. 
If an array is being  input  and t h e  mount  of d a t a  exceeds one card t h e  
d a t a  m y  be c o n t h u e d  on t h e  next card by e i t h e r  cont inuing t h e  a r r a y  
or by r e d e f i n i n g  t h e  v a r i a b l e .  
Real numbers may be w r i t t e n  wi th  or without t h e  d e c i m a l  exponent spec i -  
f i e d .  
b e  w c i t t e n  




A double prrcisioc constant must b e  followed by t h e  letter D w i t h  a 
s igned (+ !.s o p t i o n a l )  one, two o r  t h r e e  d i g i t  exponent. The folLowing 
are acceptab le  double p r e c i s i o n  cons tan ts .  




I 10. The end of a Namelist r e q u i r e s  a $END card  e i t h e r  on t h e  same card  with t h e  l a s t  d a t a  item o r  a3 t h e  last card  of t h e  deck. The number of elements  read i n t o  a n  a r r a y  must n o t  exceed t h e  dimensions. 11. 
12. Namelist input  can inc lude  coltmns 2 through 80. 
I 
\ -i.? . 
The t r a j e c t o r y  input  f o r  each case i s  i n i t i a t e d  by a $INPUT card and ! ' .  '.. 
t '. terminated by a $EM) card.  No p a r t i c u l a r  o r d e r  of input  v a r i a b l e s  has  t o  be 
maintained when s e t t i n g  UD d a t a  c a r d s ,  but  i t  is suggested t h a t  a l p h a b e t i z i n g  
t h e  input  o r  d e f i n i n g  some o r d e r  U L  sequence should ;e used t a  minimize both 1 
checkout procedures and input  e r r o r s .  t 
c 
Mult iple  cases can be input  by continued use of t h e  $INPUT and $END , lards .  
However i f  m u l t i p l e  cases a r e  res i r e d ,  the v a r i a b l e  LAST n 3t 5z s e t  equal  t o  
t h e  number of cases i n  t h e  i n i t i a l  d a t a  set t o  s l g n l f y  ,hat  subsequent cases 
w i l l  follow. Mulziple case deca is made up of t h e  v a r i a b l e s  desj zd t o  b e  
changed fr3m t h e  i n i t i a l  o r  preceding case. 
9-56 
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9.4.3 Input Cohgories 
Input t o  t h e  Rc.GM@P program can be grouped i n t o  four general  ca tegor ies .  
These are 1) t r a j e c t o r y  physical  model, 2) program con t ro l ,  3) t r a j e c t o r y  
optimization and cont ro l ,  and 4) postprocessor control .  Tables 9-9 through 9-11 
de f ine  t h e  va r i ab le s  used under each category. Def in i t ions  cf these four 
ca tegor ies  are presented below. 
Trajectory Physical Model. This category relates t o  a l l  va r i ab ie s  concerned 
with e i t h e r  t h e  e a r t h  model o r  t he  vehic le  physical  model. 
t h i s  category i s  used t o  c l a s s i f y  var ious top ic s  which rake up the  physical  
model. 
Subdivision of 
These top ic s  are the  following. 
Earth Model Constants - constants  associated with t h e  e a r t h  model shape 
and gravi ty  model (not required input ,  p re se t  values  are normally used). 
Earth Model Variables - var i ab le s  assoc ia ted  with t h e  e a r t h  model, such 
as launch condi t ion (preset values can be used). 
Vehicle Model Variables - var i ab le s  associated with t h e  d e f i n i t i o n  u t  the 
vehic le  model. 
vehic le  geometry, f l i g h t  performance reserves, f lyback,  payload, and propulsion 
s y  s t em. 
These va r i ab le s  are broken i n t o  the  a reas  of acrodynmic,  
Program Control. 
se tup and oper-?ion of t he  t r a j e c t o r y  simulation. Inclurle; i n  t h i s  (:ategory 
d e  t h e  in tegra t ion  inputs ,  logic f l a g s ,  and t h r u s t  event configurat ion re- 
quirements. 
Trajzctory Optimization and Control. This category ccmslets of a l l  parameters 
associated with e i t h e r  t he  optimization o r  a t t i t u d e  cont ro l  input requirements. 
This category descr ibes  t h e  input which Lb critic,: f o r  the  
Postprocessor Control.* The var iaLle  NTABLE i n  t h e  $INPUT Namelist is used t o  
specify t o  t h e  program tha t  a postprocessing module w i l l  be i n i t i a t e d  a f t e r  
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f I I 1 i 
- 1. ! 
9-60 
. .  .. ' 
Corstant orb i ter  weight 
Constant r e s l d w l  vr lght  
Constant tank welght 
Velocity potential of  OUS e q l n e  
k a l e  factor f o r  f l lght  performance reserves 
Speciflc impulse of  the OMS englne 
Scale factor f o r  orb i ter  tank 
Residual scale factor 
Specific impulse f o r  booster 














w i a  
YPbRDn 
SRHRC 





s a w  
SCXGF 
SUZGP 






Tab1 e 9-9. (Concl uded) 
1 PRESET VALUE] UNITS I) I WENS 1W BRIEF OEFINITlOiP  


















( & , I , , )  
1s 
(15.2) 
Ex i t  area per l l qu ld  engine per thrust event 
Specific impulse of l i qu ld  engines used for  con- 
tinuous th ro t t l i ng  p a  thrust event 
Vacum thrust per l l q u l d  engine per thrust event 
Liquld engines fuel per thrust event 
Parallel burn Indlcator.=l, para l le l  burn l l qu ld  
SRM e x l t  area per engine 
Total SRH welght overboard table 
SUM sea level thrust par engine table 
Total SRM furl cvailable 
Independent t i m e  table f c r  SRULIIB 1 SRMFTB 
Longltudlnal yu( aimlng polnt 
Longltudlnal SRW glnbr l  points 
Lateral SRM g i n t ~ l  polnts 
wertlcal SRM riming polnt 
Wertical SRM g l h a l  points 
N h c r  of l l qu ld  e lnes per thrust event 
(THE(l.thrust even3)md nuher of SRM 
engtnes Der thrust event (TNE(2,thrdst event)) 
Propellant f l a r a t e  prr l l qu ld  engine wr thrust 
event 
Longltudlnal gllnbal plan 1oca''on per l i q u i d  
englne per stage 
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Table 9-10. RAGMOP NAMELIST  INPUT SYMBOLS (ORDERED ACCORDING T O  USE) 
- PROGRAM CONTROL 
Table 9-11. RAGMOP NAMELIST I N P U T  SYMBOLS (ORDERED ACCORDING T C  U X )  - TRAJECTORY 
AND COilTROL 
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based nn angle of attach hlrtory ai a functlon of 
Mach nuMmr 
p i t c h  ~ l t l t u a e  hls tory  for orblter 
Pl tch a t t l t u d r  hls tory  fo r  barter 
Van a l l ~ I u 4 I  h l t l o r y  for o r b i t e r  
Vr- at t i tude h is tory  for booster 
Tolerdnce on t r n i n a l  end conditions 
Terntnal functlon coder (ccde I n  I(CQDM1 ( I 1  I s  
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(see table 9 2 )  
Caornlon mtrii  t o  WB fop calculat lon of f l l g h t  
reference mstrres 
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I f  NTABLE i s  equal  t o  z e r o ,  no pos tp rocesso r  i s  used and t h e  d a t a  deck 
is set up corresponding t o  Figure 9-19; howt 
ze ro ,  t h r e e  o p t i o n s  are a v a i l a b l e  which relate t o  NTABLE equa l  t o  one,  two, 
o r  t h r e e .  
?, i f  NTABLE is g r e a t e r  than 
NTABLE equal  t o  one s i g n i f i e s  t h e  use of t h e  s u b r o u t i n e  BbPTBL. Th i s  
s u b r o u t i n e  o u t p u t s  t h e  t r a j e c t o r y  parameters i n t o  f i f t e e n  ou tpu t  t a b l e s  
s u i t a b l e  f o r  publ ishing.  
NAMELIST inpu t  under t h e  NAMELIST name $INPUT2. 
r e q u i r e s  no t  only t h e  $INPUT i npu t  bu t  t h e  $INPUT2 inpu t  ( s e e  F igu re  9-20). 
The subrou t ine  BOPTBL r e q u i r e s  a s e p a r a t e  group of 
Therefore  t h e  inpu t  d a t a  set 
NTABLE equal  t o  t w o  s i g n i f i e s  t h e  use  of sub rou t ine  B6PPLT. Th i s  sub- 
r o u t i n e  p l o t s  r e q u i r e d  v a r i a b l e s  u s i n g  t h e  CALCOMP p l o t t e r .  
BgPTBL, s u b r o u t i n e  BaPPLT also r e q u i r e s  a s e p a r a t e  inpu t  package. 
formatted inpu t  is  used r a t h e r  than t h e  NAMELIST form. 
pos tp rocesso r  t h e  d a t a  package c o n s i s t s  of t h e  t r a j e c t o r y  inpu t  p l u s  t h e  
BQPPLT input  requirements  (see Figure 9-21). 
S i m i l a r  t o  
However, 
When usiilg t h e  B0PPLT 
NTABLE equal  to t h r e e  i n d i c a t e s  t h a t  t h e  s u b r o u t i n e s  B0PTBL and BQPPLT, 
r e s p e c t i v e l y ,  are used f o r  output  t a b l e s  and p l o t s .  In  t h i s  o p t i o n ,  t h e  d a t a  
is set  up such t h a t  t h e  B6PTBL inpu t  and B0PPLT i n p u t ,  r e s p e c t i v e l y ,  fo l low 
the  t r a j e c t o r y  inpu t  ( s e e  Figure 9-22). 
.$END 
TRAJECTORY INPUT ( I i T A B l E ~ O )  
CONTROL - 
-. 
Figure 9-19. SAMPLE DECK SETUP WITH NTABLE-0 
r < 
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F igure 9-21. BflPPLT SAMPLE DECK SETUP 
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Figure 9-22. SAMPLE DECK SETUP USING BBPTBL AtiD BplPPLT 
SAMPLE PROBLEM 
The fol lowing pages con ta in  e x c e r p t s  from t h e  computer p r i n t o u t  of a 
t y p i c a l  sample problem. 
The v e h i c l e  used f o r  t h i s  problem was t h e  SRM s h u t t l e  w i t h  049 HO o rb i t . e r .  
The mission was a 90-degree launch from Cape Kennedy t o  a 50 x 100-naut ical  
mile o r b i t .  
mediate c o n s t r a i n t s  are: 
Maximum payload f o r  f i x e d  l i f t o f f  we..ght was d e s i r e d .  I n t e r -  
2 
qn = 3030 l b  d e g f f t  
= 3 g ' s  (continuo1.a t h r o t t l i n g  i n  t h e  o t b i t e r ) .  
g1 Imi t 
two f~ values f o r  a q u a d r a t i c  f i r s t  s t a g e  polynomial, 
two x 
P P 
va lues  for  a l i n e a r  second s t a g e  x 
P 
polynomial wl th d I v ( u , t  Iniioiis 
a t  s t a g i n g ,  P 
t 
and l i f t o f f  weight.  
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Figure 9-27. (Continued) 
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I A vector  or tensor  i n  any orthogonal coordinate system can be  tmns -  
formed i n t o  any o the r  orthogonal coordinate system by premul t ip l ica t ion  of 
the vec tar  o r  tensor  with the proper transformation matrix.  Any coordinate 
system can be obtained from any o ther  by a t  most th ree  successive ro t a t ions  
about the  coordinate axes. For any ro t a t ion  about an x (or  1) axis ,  t h e  
transformation matr ix  is  given by 
? 
r -  
Axx' = 1 cos0 s i n 1  = AI where x'y'z' a r e  
-sin8 cose 
the  new axes. 
with Am,,, e.g. 
A vec tor  in xyz is transformed i n t o  x'y'z'  by p r e m u t i p l i c a t i o n  
+ -b 
x' = Axx, x 
or 
n A c. I I 
-t where $' = x'e , + y'e  + z'e3'  and x = xe + ye2 3. z e g e  1 2' 1 
Similar ly ,  f o r  any rotat ior .  through the  angle (0 about a y (or  2) axis the  
transformation matrix is: 
where x ' y ' z '  is ro ta ted  about y' t o  form x g * z * .  Also, fo r  a ro:ation of y 
about the z* ax i s  we would have: 
. .* 






_*~.. . P 
i 
where the XYZ system is obtained by ro ta t ing  xg*z* about tb.e z* the angl. y .  
Since any coordinate system can be obtained from any o ther  by three suc- 
\, A2, and A may be used together t o  cessive rotat ions,  the above matrices 
form the transformation matrix from any one system t o  another. 
each. rotat ion,  premultiplication of the  proper matrix is required to  transfonn 
the old coordinates i n t o  the new ones. 
obtained by ro t a t ing  the  x 'y 'z t  system f i r s t  about y an angle 4 t o  form x*y*z*- 
then about x* an angle 8 t o  form xyz, and then about z an angle y to  form 
XYZ, the  transformation matrices are: 
3 
Note tha t  for 




*x*x a cos0 :,3 = 
-sine cos 8 
cosy s iny 
= 
and so the  t o t a l  transformation matrix is 
A-2 
c 
cosy sinycose s inysine cos0 o - s i n q  
cosycose cosysi*] kin* 1 0 = 
-sine cos e 0 cos@J 
3 
? 
cosy cos+ts iny s ines  i n  0) s iny cos 8 
c o s ~ c o s e  
(-cosy s i n v s  iny s i n  Qcos 
Note t h a t  the order  of ro t a t ions  is important, buL :cat ,  i f  the  proper order  i s  
maintained, the t o t a l  transformation mat r ix  may be obtained from any orthogonal 
sys t em t o  another i n  the  manner demonstrated above. 
vector  o r  tensor  i n  the  x'y'z' system above t o  the  XYZ system i s  accomplished 
then by simple premul t ip l ica t ion  with AxlX: 





Rapid, cons is ten t ,  anC accurate  in t e rpo la t ion  of tabulated data i s  
essential t o  the  operation of RAGMOP. 
polat ion schemes are used ?,n the program. 
AMULG, is used f o r  the determinationof base pressure  force as a funct ion of 
a l t i t ude ,  wind d i r ec t ion  and speed as a function of a l t i t u d e ,  and center-of- 
grav i ty  loca t ion  as a function of t o t a l  vehic le  d e l t a  weight. 
in te rpola t ion  rout ine,  SPLINE, which ensures continuous f i r s t  der iva t ives  of 
the  da t a  across  the da t a  points ,  is used t o  f ind  the aerodynamic coe f f i c i en t s  
as funct ions of Mach number and t o  f i n d  the  atmospheric proper t ies  PS funct ions 
of a l t i t u d e  i n  subroutine PRA63. 
the  lower da ta  poin t  from the i n t e r v a l  used i n  the  previous ca l l  t o  the rout ine  
f o r  each p a r t i c u l a r  table .  
repeatedly start from the  beginning of the  table t o  f ind  the  cur ren t  i n t e r v a l  
containing the  independent var iab le .  
beyond the  range of the independent variable d a t a  set. 
To t h i s  end, two very e f f i c i e n t  i n t e r -  
The linear in t e rpo la t ion  subroutine,  
A cubic s p l i n e  
Both in t e rpo la t ion  rout ines  keep t rack of 
In  t h i s  manner the rout ine  is  not  required t o  
Also, both rout ines  w i l l  ex t rapola te  
The l i n e a r  i n t e rpo la t ion  roct ine,  AMULG, searches f o r  the t n t e r v a l  contain- 
ing  the  current value of the  independent var iab le .  I f ,  or course, x = x ( a  
I f  the independent d a t a  poin t  xi+l i s  less than xi, da t a  poin t ) ,  then y = 
i t  is  assumed t h t t  the las t  v a l i d  da t a  poin t  has been passed and t h a t  extrapo- 
lat im beyond tha t  po in t  w i l l  now be reqbired. 
n u d e r  of da t a  po in t s  t o  be less than the maximum number of points  ava i lab le  
i n  each tab le) .  
n u d e r  of the  base pnin t  of the interval) and backward ex t rapola t ion  is per- 
fonaed. Once tke  base point ,  x is  located,  t he  general linear in t e rpo la t ion  
\ 
i 
y i  
(Note tha t  t h i s  allows the  ; 
i 
I f  x < xl, then m is chosen as ~ 2 ,  (where m denotes the 
In’ 
t -  is: 
i 
The cubic sp l ine  in te rpola t ion  rout ine,  SPLINE, first loca tes  the  




. .  
. .  - --- . 
xm L L x*1* I f  x < xl, m=l.  I f  all of the  avai lable  points i n  the  
independent var iable  t ab le  are f i l l e d ,  extrapolat ion w i l l  be performed when 
x > x If xi+2 < xi+l, 
implying (as i n  AMULG) t ha t  the last va l id  da t a  point has been passed, the  
routine sets x i+2 = x i+l + 10 and sets the yi+2 values i n  all the  dependent 
var iable  t ab le s  equal t o  the  yi+l values. 
of avai lable  points  are used i n  the  tables ,  the  scheme assures tha t  the depen- 
dent var iables  remain unchanged a f t e r  the last va l id  input point.  Having 
establ ished the in t e rva l  containing x (xm < x < x 
are found as: 
(where m is the number of locat ions i n  the table) .  m 
Thus, i f  fewer than the t o t a l  number 
), the  dependent var iables  
U f t l  
3 2 y i = a i x  + b  x + c i x + y m .  i 
The coef f ic ien ts  al, bl, and c are derived below. 1 
- ymtz - Y&!* s =  p x - x  mt2 m+l  
I f  wl, sm is chosen such t h a t  
8 + s  
2 s = or ,  i n  other  words, 
P s = 2 8 - 8  m 
I f  m = n-1, s is chosen such t h a t  
P 
s + s  





Equation (B -1) can be rewritten as 
= aA.2 + bAx 2 + c A 3  - "m 1 
Axl = x xm 
This yields,  dividing by A%: 
s 0 aAx2 + bA% + C. 1 
5 The spl ine assumption is  
m S + 8  
= 2  
2 ' C  
d= x m 
and 
s + s  3aA3 2 + 2bA5 + c 5+.  & I 
**1 
dx 
Note that this  leaves the f i r s t  derivatives continuous as m changes. 
Solving for a,  b, and c we find: 
8 + sm 
2 .  c -  
x - xm Ax With R - - 
Axl x - x Mi m 







- -. . - -  I . -  'I -' . - .  - -  - ' , .. 
-a ... 
I- 
\ .  . ., . - - 
and% = (3aR + 2b)R + c.  
Since a, b ,  and c are functions of the data points only (and are there- 
fore constant for a given interval of the independent variable data s e t ) ,  
their values are stored and reused without recalculation i f  interpolation 
within the sa- interval is  required more than once. 
B-4 
1 --. . 
t 
. a i  
-a .,. 
I- 
. .  . ., - 
Appendix C 
SOLUTION OF MOMENT BALANCE EQUATIONS 





From Paragraph 3.2.5.2 w e  have t h e  moment equat ions i n  the center-of- 
g r a v i t y /  gimbal p o i n t  coord ina te  system: 
(T tan 6 +T tan6 )dy + (T -T )dz = -Max 
(T t a n  6 -T t a n  6 )dz -May 
Q t an6  +T tans ) d y * - M a ~  
Y 1  71 y2 72 y; y2 
Y 1  p1 y2 p2 
y1 p 1  y2 p2 
6 5 6  = 6  
y1 y2 
Since  t h e  t o t a l  t h r u s t  of each engine is fixed (T1=T2=TT/2) w e  can w r i t e :  
T + T 2 + Tz12 = 'T ' 
*1 Y l  
2 and Tx + T  
2 y2 
But, from t h e  d e f i n i t i o n s  of  6 and 6 : 
P Y 
T = -T tan6 
x1 y 1  p1  
T PI -T tanb. 
T =T tan6 =T tan6 
T = T tan6 - T tan6 
x2 y2 *2 
z1 Y l  y 1  y1  
=2 y2 y2 y2 Y '  
so t h a t  
and 
TT/2 T -  
'1 Jl + tan26 + tan26 
P1 Y 
y2 '1 + tan26 + tan2& 0 
p2 Y 
(C-5) 
( C - 6 )  
(C- 7 1 
c-1 
I 
. -  
I - - r  - .._ . ' --- .-a, . .. 
We now assume t h a t  6 , 6 , and 6 a r e  small enough so t h a t  
Y p1 p2 
2 tan 6 << 1 
P 1  
2 tan 6 << 1 
p2 
2 and tan 6 << 1 
Y 
This approximation y i e lds ,  from equation (C-7) and (C-8) 
(C-12) 
(C-13) 
Using (C-4), (C-12), and (013) in (C-l), (C-2), and (C-3) w e  have 
I 




(C-16) - A (t-6 + tan6 )dy * -Ma2 
P1 p2 2 





Adding (C-18) and (C-19) w e  obtain 
1 




i .  
. I  
I 
i 
Subtracting (C-18) from (C-19) yie lds  
(C-21) 
Since the  t o t a l  t h rus t  is inherent ly  enforced i n  the so lu t ion ,  the e r ro r  
amounts t o  an e r r o r  i n  the  moments produced by the engine t o  balance the  aero- 
dynamic moments. 
duces no n e t  unbalanced moment but changes the t o t a l  t h r u s t  s l i g h t l y .  
so lu t ion  used i n  RAGMOP does not do t h i s . )  The philosophy i n  RAGMOF is t h a t  
the  purpose of the  moment balance scheme -- t o  determine the  performance of a 
vehicle  based on r e a l i s t i c  t h r u s t  vector ing -- is s a t i s f i e d  accept-bly when 




moment on the  vehic le  hae been reduced t o  a very small l e v t l  without chang- 
the  o v e r a l l  t h r u s t  of tne  vehicle.  
As expected, f o r  no aerodynamic moment 6 5 6 9 6 - 0. The t h r u s t  
p1 p2 vector  of each engine is p a r a l l e l  t o  t he  center  of g+avity/gimbal point  y 
axis when aerodynamic moments are zero. 
Note t h a t  the  moment and d is tance  components i n  the above so lu t ion  are i n  
the XYZ (center-of-gravbty/gimbal point)  coordinate system. 
transformed i n t o  t h i s  syetem from the body axis X'Y'Z' s y s t e m  i n  which they a r e  
computed, and tile r e su l t i ng  t h r u s t  components m u s t  be  transfoimed from the XYz 
system back t o  the  X ' Y ' Z '  system i n  order  t o  determine the t o t a l  forces  ac t ing  
on the vehicle .  Tht XYZ sys tem is obtained from the X'Y'Z' sys tem by ro t a t ing  
about Z '  the  angle (-p), where 
The moments must be 
-1 xhp - x& 
yhP - y& 
P 5 -tan - 










and the reverse transformation matrix is then the transpose of the above, or: 
The aerodynamic momentb in  the XYZ system are, then: 




P = tan DY 
DY cos p = 4 DX2 + DY2 
1) DX2 + DY2 







- - . .  
dx 5 DX cos p - DY s i n  p = 
dy 5 DA s i n  p + DY cos p = (C-25) 
dz = DZ 
Using (C-21), (C-22), and (C-23) i n  (C-141, (C-17) and (C-18) w e  o b t a i n  
1 DX y - - ton 
%Y ' *.q '=x - 
DYDZ 
+ -  - -1 DY DZ 6pl=-tan 
T T , r  DY 
Note t h a t  t h e  gimbal angles  i n  t h e  X 'Y 'Z '  body axis coord ina te  sys t e .  a r e  
given by 
6 ' I 6 - tan-' 6 - P  
P1 P1 P 1  DY 
9 





The t o t a l  t h r u s t  components i n  t h e  X 'Y 'Z '  body axis coord ina te  system a r e  
then found by not ing  t h a t  
' = T ' t an6  ' 
T ' = T ' tan6 ' 
1 y1 p1  Tx 
x2 y2 p2 * 
L c-5 
i 
- . . . -. - - - - '- .-- -- '-- - . .. 
. .  
- \  
' = T 'tan6 
Y 
TT T ' =  
7 2 -  
Yl 




TZZ = TYY tam5 
Y 







WGMQP includes a payload ca lcu la t ion  so t h a t ,  with proper input ,  t he  
payload as w e l l  as the  o r b i t e r  (last s tage)  cutoff  weight can be  optimized. 
This ca l cc l a t ion  is based on a two s t age  space s h u t t l e  type vehicle .  
is determined from the  o r b i t e r  cutoff weight by including the requirements 
for :  
Payload 
(1) f l i g h t  performance reserves  (FPR) f o r  both s t ages  based on the r a t i o  
(2) 
(3) o r b i t a l  maneuvering system (OW)  propel lan t  requirements based on 
of i n i t i a l  t o  f i n a l  weight and t h e  vacuum I 
o r b i t e r  tank weight based on t o t a l  second s t a g e  f u e l  ( including 
reserves) using an input  scale f ac to r ,  and 
the  d e l t a  ve loc i ty  required and the I 
f o r  each s t a g e ,  
SP 
of the  OMS. 
SP 
The ca lcu la t ions  i n  t h i s  opt ion are used a t  a l l  t i m e s  t o  determine the  
f i n a l  mass pr in ted  with each t r a j ec to ry  smmnary. 
formed as follows: 
These ca lcu la t ions  are per- 
= w  - w  
cons OORB wP 
w , 
AVp = dppR characteristic veloci ty* 
= ?(Up + FPR) 
cons 'TANK 
= w  - FPR - WTmK 'ON ORBIT COOm 
? 
- 1  
'g I - (1 - e '"OMS o spOMS ON ORBIT W = w  'OMS 
c 
t 
- w  - w  wPAYLOAD 'ON ORBIT Pow CONSTORB 
* 
see Appendix F 
D-1 
i -  -- - 
\ .  
* \  
-a .. 
where 
FPR = f l i g h t  performance r a s e r v e s  f o r  both s t a g e s  
7 





L = boos te r  (first s t a g e )  vacuum s p e c i f i c  impulse 
Z - o r b i t e r  (second s t a g e )  vacuum s p e c i f i c  impulse 
I = o r b i t a l  maneuvering s y s t e m  vacuum s p e c i f i c  impulse 
AVOS = d c l t a  v e l o c i t y  r equ i r ed  of o r b i t a l  maneuvering system 
AVp = d e l t a  v e l o c i t y  r equ i r ed  f o r  f l i g h t  performance r e s e r v e s  
W = b o o s t e r  cutoff  weight 
W = o r b i t e r  cu to f f  weight 
coORB 
W = cons tan t  o r b i t e r  weight (dry o r b i t e r  s h e l l ,  no f u e l  or OMS p r o p e l l a n t ,  
'ONSTo~ no f u e l  t ank  weight)  
= boos te r  l i f t o f f  weight ( t o t a l  v e h i c l e )  
= o r b i t e r  i n i t i a l  weight (at s t a g i n g )  
= on o r b i t  weight ( o r b i t e r  cu to f f  weight minus f u e l ,  FPB, and tank weight)  
"ON O R B I T  l nc ludes  payload, OMS p r o p e l l a n t ,  and cons t an t  o r b i t e r  weight.  
= f u e l  consumed by o r b i t e r  'peons 
W = o r b i t a l  maneuvering system p r o p e l l a n t  weight 
= payload weight 
= o r b i t e :  f u e l  tar.k weight 
= decimal f r a c t i o n  used i n  FPR c a l c u l a t i o n  ( t y p i c a l l y  .Ol) 
'OMS 
'PAYLOAD 
% P R  
TANK 
W 
T-I = scale f a c t o r  used i n  t ank  weight c a l c u l a t i o n  ( t y p i c a l l y  .08155) 
! 
Note t h a t  t h e  payload c a l c u l a t i o n  is performed a t  z11 times and t h a t  i f  
o r b i t e r  cu to f f  weight is d e s i r e d  r a t h e r  t h a .  ?ayload, t h e  u s e r  should omit t h e  
input  €or:  ( F P R F A C ) ,  q (SCALE), AVOMS (DVUIMS), and W (CQKBWT). 
F P R  CONSTORB 
D- 2 
Appendix E 
FLYBACK FUEL CALCULATION 
A flyback f u e l  ca lcu la t ion  is included i n  RAGMOP i n  order  t o  more rea l -  
i s t i c a l l y  optimize the perfonnance of reusable flyback space s h u t t l e  boosters.  
This ca lcu la t ion  is based on t he  Breguet* range equation and is performed as 
follows : 
The flyback range required is determined by subroutine ASIMP using a 
trivariant lookup. 
radius ,  and f l i g h t  path angle  a t  staging. The flyback f u e l  required i n  order  
t o  r e tu rn  t o  the  launch s i t e  is the  amount cf f u e l  required t o  cover the  f ly-  
back range, p lus  reserves.  The j e t t i soned  booster  weight a t  s tag ing  includes 
the f lybaclc re- ij rements. 
Flyback range is tabulated i n  term of range, ve loc i ty ,  
t 
! 
The Bregt r a g e  equation gives  the vehic le  range ap a funct ion of 
l i f t  over drag a: 
f u e l  consumptiu f o r  j e t  engine powered vehicles:  
constant c r u i s e  ve loc i ty  wi th  a cons;ant t h r u s t  s p e c i f i c  
where 
R =  








Ct cD w1 
I n  - R- - (E-1) 
range 
cruise ve loc i ty  ( idea l ly  ve loc i ty  a t  bes t  C,/C,) 
t h r u s t  s p e c i f i c  f u e l  consumption 
bes t  r a t i o  of l i f t  coe f f i c i en t  t o  drag coe f f i c i en t  f o r  the vehic le  
( idea l ly  a t  c ru i se  ve loc i ty)  
weight a t  beginning of flyback l e g  




. ', . 
The flyback fue l  required,  W is given by P' 
R*ct CD -.- 
W - Wl(e a -1) 
P (E-2) 
I n  order  t o  include the e f f e c t s  of engine out and go-around f u e l  requirements, 
the approximation is made i n  M O P  t h a t  each may be expressed as an input  de- 
cimal f r ac t ion  of the  landed weight of the  booeter. 
f u e l  used i n  the program is, then: 
The equation for flyback 
R c,  c 
v CL/D 
Wp = W1 (1 + PctEO + PctGA)(e -1) 
where 
and 
PctEO= decimal f r a c t i o n  of booster landed weight required f o r  engine out 
Pcta= decimal f r a c t i o n  of booster landed weight required for go-around 
f lyback 
capab i l i t y  a t  landing site. 
E-2 
. .  
* \  
Appendix F 
VELOCITY LOSS EQUATJONS 
The ve loc i ty  loss equations r e s u l t  from t h e  ca lcu la t ion  of the change i n  
the i n e r t i a l  ve loc i ty ,  VI, during t h e  time i n t e r v a l  ta - tb. 
It is obvious t h a t  
s ince  
. 
I 
2 -  - 
VI = VI VI 
it follows t h a t  
(F-2) 
Theref ore 
Three d i f f e r e n t  t h r u s t  l e v e l s  are now defined. The first,  Tv, is the total. 
r e su l t an t  t h r u s t  calculated as t he  square root  of the  sum of the squares of t h e  
t h rus t  components. The second, T is the  scalar sum of the  t h r u s t s  of  a l l  en- 
gines. 
s' 
The t h i r d ,  Tvac , is the  scalar sum of the  vacuum th rus t  of a l l  eng ines .  
S 
How, adding and subt rac t ing  each of these divided by mass t o  the r4-ght  hand 




- .~ - ... 
. .  : ', 
Y 
1 
Since  Tvac is t h e  l a r g e s c  of t h e  three ,  we choose i t  t o  d e f i n e  i d e a l  velo- 
S 
c i t y  so t h a t  everything else w i l l  r cpreaent  losses. This  g ives  
- 1 .  VI = - m 
t 
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I n  RAGMOP 
- r - 
cosx cosx,,sinx -s inx sinx + Txx - FAN 
YY Y S  - FAA 
P P Y P  
s inx cosx cosx -sinX cosx T + T  
P Y P  Y P  
s i n x  cosx T + SIDE zz 0 Y Y 











Taking t h e  d o t  product of (7)  and i , /V,  l eads  t o  
i 
2 
L , .  
i 
1 - - m (Fmcosal + F AA cosa2 - SIDEcosa3) 
where cos )( 
(F-9 
(F-10) 
If there is a rol l  angle, xrr to  be considered also,  the variables in (10) 
are used to re-define cosal, cosa 2' and cosa 3 as 
1 O (F-11) 
0 sinx, 
c0sa31 c"" sinXr 0 cosx r 1 cosal cosa 2 cosa3] 2 k s a l  cosa 2 
Rewriting (6) and using either (10) or (11) as desired, we  now have -
t 
Ts - T"ac T V - T s  +I . 
AVI 1: ['-'e m + m ' +  m "I 
a 
+ 1. { ( T ~  + T ~ J  cosal + ( T ~ ~  + T ) cosa2 + T Z Z c o s a 3  - Tv] 
m 





. .  . ., . 
A vac 
m 
With the  exception of s , each of the  o ther  terms i n  (12) i s  negat ive 
on the  average and represents a loss .  We can therefore  def ine t h e  following: 
8 dt f t b  Tvac -i d e a l  v e l  S I (F-13) 
m 
J t a  
back pressure l o s s  (F-14) 
(F-15) gimbal l o s s  E 
f 
I 1 
(F-16) gravi ty  loss 
t 
turning l o s s  2 
aero loee i 
c h a r a c t e r i s t i c  ve l .  = i d e a l  v e l  - back pressure loss - gimbal l o s s  
These h S S e 6  are such t h a t  
AVI Idea l  ve loc i ty  - pressure loss - gimbal l o s s  - gravi ty  l o s s  - turning 
loss - aero loss. 
F-4 




The definition of ideal velocity used here has the  added advantage of being 
analytic in the atmosphere. 
However, i f  other definitions of characteristic velocity are desired, they 
can be calculated eas i ly  from (13) through (15), 1 . e .  
d t  D Ideal velocity - pressure loss - gimbal loss 
It is suggested therefore that (13) through (18) be used in  RAGMOP for the 
ideal velocity and losses integration. 
F- 5 
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Appendix G 
PARTIAL DERIVATIVES OF THE PAYOFF AND CONSTRAINTS Yl  TH RESPECT 
TO THE FINAL STATE* 
The partial derivatives of the varicus payoff and terminal constraint ... 
quantities with respect to the final state (position xyz, velocity xye, mass m) 
are sometimes required to determine the influence coefficient of Paragraph 
3 . 3 . 4 .  These derivative calculations are presented in this appendix. 
Mass M (final cutoff weight) 
am - = I  
ah 
Inertial Velocity VI 
a v l  ; 
a; 'I 
- = -  
j- 
a; 'I 
- w  
avI d 
aI 'I 
- 5 -  
* 







- I n e r t i a l  Fl ight  Path A n g l x  
Radius R 
a R  x 







a i  R3 
- 0  
Angular Momentum C1 
. .  . .\ 
acl 2- 2- - -  (2 x - xz 
ax 
- xy Y + Y X)/C, 
acl 2- 2- - = (x y - xy : - yz 2 + 2 Y)/C1 
aY 
2- 2 -  
(y 2 - yz ; - xz x + x Z)/C, acl 
az 
- =  
82 . e  e .  - 2  acl 
- = ( x y  - y x y - z x z + x z ) / C 1  
a i  
- 2  e .  e .  e 2  
ac, ( y z  - 2 yz . x xy + y x )/C1 - =  
- 2  . e  e a  - 2  ac 1 y =  ( z x  - x x z - y y z + z y ) / C 1  
! 
G-3 
. .  . ., . 
Inert ia l  Longitude 0 
- =  " N 
ax 4,i 
i 
Inertial Heading Angle B 
- W  N 26 "S N14 S 34 
ax 2 2 
- a  
ws + "s 
- w  N a6 's Nis s 35 
2 
- =  





, I  
i 
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V N  aa s 11 -'s Nx 
-t 2 
V N  + W N  30 S 12 S 32 
2 2 - =  
a; k's + vs 
- W  N 
- =  as 's '13 s 33 
a; 2 2 "s + vs 
Colatitude 0 
ae ax * N64 
ae - = N  
dy 65 
ae - E N  az 66 
ae ae ae 38 
am a i  a; a i  
- , - , - - P - P o  
Inclination: i 
cos€  sin0 3 - -  a i  sin@ cos0 
ax s i n  i N64 s i n  i ax 




cos8 sin0 a 6  a i  
aY sin i N65 s i n  i 3y 
- -sin8 cos0 - -  - -  
- = -  a i  sin0 cos0 - cos0 sin0 3 
az s i n  i N66 s i n  i az 
- 0 -  a i  s in6 cos0 - cos8 sin0 2 
SX a i  s i n  i N61 s i n  i 
- -  a i  - -  sin8 cos0 - cos8 sine 9 
a i  sin i N62 sin i a; 
cos6 sine - a i  sin6 cos0 - = -  
s i n  i N63 sin i a; a; 
.- 
a 
a i  -- t 0 
am 
Line of Nodes u 
WsVs sin0 
2 2  Defining A = vs + ws cos e 
and 
we have 
- a u = ( N 4 6 - A N  ) + B -  a!3 
az 66 az  
L ._ 4. 
G-6 
I _ -  _-. 
. -* 
aw a e  - = B y  
a i  ax 
aw - = o  am 
Semi-latus Rectum II 
CL 
aa 2RL - = - ( x - U N ) ax P s 2 1  
aa 2R2 -= - (y - us N22) 
aa Z R ~  
-i- (2 - us N23) az IJ 
a' 2~~ 2 2 x  - = - [(WS + Ps ) - - 
a i  LJ R2 
aY IJ 
N241 
- = -  a' 2R2 [(Wt + V t )  5 - Us N2s] 
R IJ a; 
aa 2~~ 2 2 2  
us N261 - = - [(W, + vs ) 2 - R IJ 22 
t 
i 
aa - = o  am 









. -  - . -  - . -  - I-
. .  
- \  ’ 
Ecceatricity e 
ae 
am - = o  
Burn Time T 
a*r 1 
am 
- 0 -  
G-8  
Maximum Dynamic Pressurr Q ax 
= o  'Qmax 
aZ 
(not dependent on final state) 
True Anomaly rl 
Defining 
A = - (i + (Hs2 + Vs2) K, sinS/e(WS2 + Vs 2 ) 
P 
2 2  2 R  2 
VI (WS + vs ) 
R r  
L VS' + vs 
and 
-1 1 5 = tan . 
we have 
a n  . 
21 - - t A x + B N  ax 
a n  . 
az 23 - = A z + B N  
24 
x + B N an - = - - -  
2 al; eR 
i 
i 
s i n s  





an  z + B NZ6 
a; eR 2 
- D ^  
A r g u m e n t  of Perigee E 
Defining 
W -1 s 0 = tan - 
vS 
-1 




A n - -  
sin 5 
Then 
- 5  ac A N  + B(VsNll - W N + -  an 
ax 61 s 31 ax 
- WsN34) + 3 - 0 A NG4 + B(VsNI4 as 
a i  a i  
ac 
a; 
- - A N + B(VsN15 - WsN35) + a 
a; 65 
i 
. .  . -  . *  
ae - = A N66 + B(VsN16 - W N ) + &I ak S 36 a; 
Flyback Range RF 
The Us, Vs, and W 
in the spherical inertial coordinate system. 
used in the above derivatives are the velocity components S 
Ine N used above are defined as fcllows: ii 
N is a 6 x 6 matrix which can be partitioned into four 3 x 3 submatrices 
The four submatrices are presented below. 
Defining 
n e l  = - eo 
where 
eo 5 launch site geodetic latitude 
and 
x cosi. sinel + y  COS^^ - z sinA2 sinel -1 2 8 = cos r 
where 




-- - - ..  
-* .- 
we have 
L cose + y einAz sinel -x s i d L  sinel - z c o d t  sineL y c o a Z  sinel - x cose. 











aZ2v - W (N cos8 + N s ine)  a u -  S 3 1  21  aws 32 - =  
ax r sine 
2Wws a v - a w - W (H cos6 + XZ2 sing! 
aY r sine 
12 32 S 32 - =  
a12u - W (N cos0 + N s ine)  aWs a w - 
az r sine 




- 2 cose + einAz sinel 
r 
s ine  
&.; - -. 
-a ._ - . 
I 
f 
- -  - ( N l l  Ws ctntt - U s ) / ~  S 
J V  
ax 
J V  
az 13 s 33 s -t (.;u vs ctne - N u ) / r  
and 
A =  
- 





cos A s ine,  
2 * 
cos0 1 
-s in AZ sin0 1 
-COS A COSO z 
sinel  
sin A cos0 
2 




r sine r sin0 
- 




r r r .  
Thus, N i s  t h e  matrix of f i r s t  partial  derivatives 










6 1  
\ .  . '  . .  
' 
and P is the  6 x 1 vector of plumbline components 
W =I;] 
G - 1 4  
